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PI:  Bar-Shavit,  Rachel  Ph.D. 


xiTLE  Protease  Activated  Receptors  (PARs)  in  the  Malignant  Invasion 

Process 


Statement  of  Work 

The  critical  issue  in  malignant  tumor  progression  is  the  turning  point  for  the  acquisition  of 
ability  to  invade  and  establish  new  metastatic  colonies  throughout  the  body.  We  have  identified  novel 
molecular  targets  belonging  to  the  Protease  Activated  Receptor  (PAR)  family,  and  assigned  thrombm 
receptor  (PARI)  as  a  cellular  probe  with  a  central  role  in  breast  carcinoma  invasion  and  metastasis 
(Nature  Medicine  4: 909-914, 1998).  Elucidation  of  the  involvement  of  other  PAR  family  members  in 
malignant  carcinoma  metstasis  may  help  develop  an  individually  based  therapy  program  according  to 
the  specific  and  spatial  profile  obtained  for  each  patient.  A  direct  correlation  has  been  established 
between  the  levels  of  PARI  expression  and  the  invasive  properties  of  various  types  of  carcinomas  (i.e., 
breast,  ovary,  colon,  bladder  prostate  as  also  melanoma)  both  in  vitro  in  a  collection  of  cell  lines  an  m 
vivo  in  biopsy  specimens.  Furthermore,  the  criteria  of  genes  that  are  part  of  the  invasive  program  are 
demonstrated  in  a  physiological  invasion  system  of  die  placenta  where  PARI  is  exclusively  express^ 
during  the  time-limited  invasion  period  and  completely  shnts-off  thereafter.  Nonetheless,  PARI  has 
been  recendy  assigned  as  a  novel  oncogene  based  on  a  screen  for  cDNAs  capable  of  foci  formation  and 
transformation  in  NIH  3T3  cells.  The  transforming  activity  of  Pari  is  due  to  the  ectopic  overexpress, on 
of  the  receptor  rather  than  an  inserted  mutation.  This,  stands  in  a  good  agreement  with  our  observations 
on  Pari  overexpression  in  breast  biopsy  specimens  and  differentially  metastatic  breast  cell  lines. 

The  mammary  gland  provides  a  powerful  tool  to  study  developmental  and  pathological  (i.e., 
tumor  breast)  aspects  of  the  gland.  Our  major  effort  is  centered  around  preparing  mice  carrying  an 
MMTV  LTR-driven  Pari  transgenes  over  expressed  directly  in  the  mammary  glands.  Analysis  of  the 
whole  mount  glands  of  virgin  hPARl  +/-  mice  showed  enhanced  complexity  of  the  alveolar  side 
branching  as  compared  to  normal  age-matched  wild  type  mice.  A  striking  ductal  side  branching, 
budding  from  preexisting  ducts  was  observed  in  hParl  +/-  pregnant  mice  as  compared  to  wild  type 
counterparts.  This  phenotype  is  precociously  reminiscent  of  the  role  played  by  several  well  described 

oncogenes  in  breast  tumorigenicity. 

One  consequence  of  the  mechanism  by  which  the  PARI  is  activated  is  the  release  of  an  N- 
terminal  peptide  from  the  receptor  -  cell  surface.  Therefore,  the  minor  image  reflecnon  in  rtie  body 
fluids  of  the  overexpressed,  activated  PARI  in  carcinoma  progression,  is  the  released  PARI  peptide. 
We  have  developed  means  to  detect  the  released  activated  PARI  fragment/s.  This  is  intended  to  be 
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carried  out  by  immunodetection  in  body  fluids  of  breast  cancer  patients  via  the  utilization  of  monoc  ona 
antibodies  raised  against  the  cleaved  peptide.  The  monoclonal  antibodies  are  raised  against  several 
discrete  and  overlapping  epitope  regions  along  the  released  41  amino  acid  fragment.  Cuirently  we 
have  developed  3  of  the  5  planned  monoclonal  antibodies  for  the  early  detection  in  body  fluids  (e.g„ 
plasma  and/or  urine)  of  breast  cancer  patients. 


Syk,  a  tandem  SH2  tyrosine  kinase  protein  widely  expressed  in  hematopoeitic  cells  has  been 
recently  assigned  as  a  potent  tumor  suppressor  gene  in  human  breast  carcinoma.  Analysis  of  Syk 
expression  levels  in  either  human  biopsy  specimens  or  a  panel  of  well  established  breast  cancer  cell  lines 
revealed  an  inverse  correlation  between  Syk  expression  levels  and  malignancy.  White  t  e  oss  o  y 
seems  associated  with  malignant  features  such  as  increased  motility  and  invasion,  the  role  of  oncogenic 
transformation  in  the  regulation  of  Syk  has  not  been  studied.  The  delicate  balance  between  tumor 
suppressor  gene  activation  and  oncogenic  transformation  may  nonetheless  provide  a  key  determinant  in 
the  molecular  decision  leading  to  the  acquisition  of  progression  toward  malignancy.  Since  Syk  exerts  its 
tumor  suppression  activity  only  in  vivo  in  animals  or  in  three-dimensional  Matngel  cultures,  but  not  in  a 
plastic  2D  culture  dish,  it  is  likely  that  the  signals  conveyed  by  the  extracellular  matrix  environment  are 
critical  for  the  activation  of  Syk.  During  our  studies  on  the  role  of  hParl  in  breast  carcinoma  invasion 
and  metastasis  we  set-out  to  analyze  the  interrelation  between  the  breast  invasive  phenotype  and  Syk, 
more  specifically  the  mutual  interactions  of  hParl  and  Syk. 


The  recruitment  of  new  blood  vessels  is  a  prerequisite  for  tumor  growth  and  metastasis.  While  it  has 
been  shown  that  Pari  plays  a  critical  role  in  vascular  embryonic  development,  rescuing  Parl-I-  mice 
from  bleeding  to  death  after  regression  of  Pari  directly  in  endothelial  cells,  its  role  m  tumor 
angiogenesis  is  unknown.  We  have  demoustmted  now  that  Pari  gene  expression  plays  a  central  role  in 
the  induction  of  blood  vessel  recruitment  in  animal  models  in  vivo,  as  determined  by  the  Tet-on  Par 
inducible  prostate  system  and  by  the  Matrigel  micropocket  assay.  Pari  induced  angiogenesis  is 
mediated  via  the  increased  expression  of  vascular  endothelial  growth  factor  splice  forms;  VEGF121, 
VEGF145  VEGF165  and  VEGF189  or  but  not  VEGF  206.  Elucidation  of  the  molecular  mechanism  of 
PARI  in  tumor  invasion  indicates  that  activation  of  PARI ;  in-fact,  induced  integrin-mediated  adhesion  to 
various  extracellular  substrata.  This  takes  place,  via  the  “inside-out”  signaling  and  formation  of  focal 
adhesion  contact  sites.  We  propose,  that  PARI  regulate  at  least  in  part,  the  extent  and  type  of  the  tumor 
interaction  with  the  extracellular  micreenvironment  by  determining  specific  (yet  to  be  determined) 
integrin/s  activation.  Our  approach  involving  the  combined  analyses  of  tissue  specific  over  expression  of 
Pari  transgenes,  biopsy  specimens  and  established  clones  of  transfected  cell  lines  (i.e.,  of  full  length, 
antisense  or  truncated  forms)  may  help  elucidate  the  regulation  of  PARI  in  tumor  metastasis  and 

angiogenesis.  PARs  family  may  prove  helpful  in  planning  appropriate  therapeutic  medicaments,  atas 
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which  is  beyond  the  scope  of  the  present  report  PAR  family  nonetheless,  might  be  beneficial  for  future 
application  in  gene  therapy. 


Originally  we  have  proposed  the  following  specific  aims: 

Task  1  a&b:  To  determine  the  involvement  of  PAR  family  members  (PARI  -  PAR4)  in  breast 

Determine  dhe'expression  profile  of  PAR  family  members  (1-4)  in  breast  carcinoma  metastasis 

:  Sfe 

To  establish  extravillous  trophoblast  (EVT)  cultures  for  the  modulation  of  the  invasive 
CompmS  analysis  id^MbWftetevel  of  In  situ  hybridization  analysis  (16-18  month) 

Task  2a:  To  modulate  the  malignant  cell  metastatic  behavior  by  PARI  ,  , 

Transfections  /selections  of  the  full  length  PARI  in  non  mvastve  MCF-7  and  ZR-75  breast 

carcinoma  cells. 

Tetracyclin  (TeT)  ”on-off  ’  regulation  in  tissue  cultures  (19-24  month) 

-  Animal  models  for  metastasis  using  the  Tet .  “on-off"  PARI  system.  Analysis  of  the  fate  of 
metastatic  foci  in  the  presence  of  PARI  gene  /following  activation  (25  -  30  month) 

The  fate  of  metastatic  foci  (i.e  for  possible  regression)  upon  turning  off  PARI  expression  (27-36 
month) 

and  proteins  (6-12 

month) 

Modulation  of  the  invasive  phenotype  by  PARI  ( in  PARI  transfected  clones)(13-18  month) 

Integrin  profile  and  function  in  the  overexpressing  PARI  clones  (19-25  month) 

To  elucidate  focal  adhesion  plaque  formation  and  integrin  signaling  in  PARI  overexpressing 
clones  (26-36  month) 

Chimeras  of  PARI  transfection  of  either  the  extracellular  deficient  portion  or  the  cytoplasmic 
portion,  and  the  assembly  of  focal  adhesion  plaque  formation  (24-36  month)  _ 
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Body  of  report  &  Key  research  accomplishment 

Introduction  .  ,  , 

The  molecular  decision  leading  to  the  acquisition  of  invasive/metastatic  potential  is  a  key 
determinant  in  tnmor  progression.  A  critical  event  in  malignant  tnmor  development  is  the  acquisition  o 
the  ability  to  invade  thiongh  basement  membrane  and  reemerge  from  blood  vessels  to  establish  new 
metastatic  colonies  at  distant  sites.  This  task  is  accomplished  via  a  well  orchestrated  and  sequential 
actions  of  enzymes  that  actively  remodel  targeted  and  discrete  locations  of  the  basement  membrane 
microenvironment.  Proteolytically  Activated  Receptor  1  (PARI)  plays  a  central  role  in  the  malignant 
and  physiological  invasion  processes  (1,  see  also  Figs.  14).  The  seven  transmerabrane  G-conpled 
thrombin  receptor  (PARI)  is  the  first  example  of  a  novel  PAR  family  possessing  a  nmqne  mode  of 
activation.  Members  of  the  family  may  be  viewed  as  polypeptide  receptors  that  contain  their  own 
internal  ligand,  exposed  following  pmteolytic  cleavage  (2-4).  To  date,  font  snch  cleavable  receptors 
have  been  described  (5, 6).  It  is  certainly  possible  that  these  receptors  mediate  responses  to  other 
proteases  or  even  peptide  ligands  in  vivo.  Thns  the  full  repertoire  of  protease  signaling  through  PARS 
remains  to  be  defined.  This  family  provides  a  powerful  tool  to  respond  towards  a  wider  range  o 
concentrations,  possibly  for  different  rates  of  signaling.  Most  importantly,  it  may  provide  a  framework 
to  define  the  role  of  distinct  PARs  in  angiogenesis  and  tumor  metastasis. 

Oncogenic  properties  of  hParl 

PARI  has  recently  been  reported  as  an  oncogene,  promoting  transformation  in  NIH  3T3  cells.  In 
addition  to  its  potent  focus  forming  activity  the  constitutive  overexpression  of  PARI  in  NIH-3T3  cells 
promoted  the  loss  of  anchorage  -  and  serum  dependent  growth.  PAR-1  activity  was  found  directly  linked 
to  Rho  A,  an  activity  which  is  inhibited  by  pertussis  toxin  and  is  mediated  via  the  Gal3  subunit  (  ). 

The  oncogenic  function  of  PARI  is  especially  significant  in  light  of  our  observations  that  PARI  is  over 
expressed  in  series  of  biopsy  specimens  of  breast  (1),  colon,  prostate,  ovary  carcinomas  and  melanoma 

(8  9)  as  well  as  in  a  collection  of  differentially  metastatic  cell  lines  (1,8).  The  oncogenic  property  of 

PARI  may  provide  further  valuable  insight  highlighting  novel  mechanisms  involved  in  PAR  family  an 
cellular  transformation. 

Body  of  Report 

Molecular  basis  of  PARI  induced  tumor  invasion  (8) 

The  molecular  mechanism  of  PARI  induced  tumor  invasion  and  metastasis  was  next  addressed. 

PARI  is  capable  of  modulating  the  invasive  behavior  of  the  cells  by  either  conferring  metastatic 
properties  of  non  invasive  melanoma  cells  (as  evaluated  by  formation  of  metastatic  foci,  in  vivo  and 
migration  through  Matrigel,  in  vitro  )  (Figs  6, 7).  Alternatively,  a  marked  reduction  in  the  invasmn 
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properties  of  A375-SM  cells,  highly  metastatic  melanoma  was  observed,  following  transfection  with  a 
PARI  antisense  probe  (a  plasmid  composed  of  part  of  the  promoter  and  the  start  initiation  region  of  the 

protein;  consisting  of  462  bp;  Fig.  8). 

It  appears  that  PARI  increases  the  invasive  properties  of  tumor  cells  primarily  by  the  increased 
adhesion  to  extracellular  matrix  components.  This  preferential  adhesion  is  accompanied  by  cytoskeletal 
reorganization  of  F-actin  stress  fibers  toward  migration  favoring  morphology.  Although  a  correlation 
has  been  made  between  specific  integrins  and  metastatic  behavior  in  vivo,  little  is  known  about  how  the 
molecular  events  that  regulate  tumor  cell  motility  and  invasion.  The  signaling  pattern  of  the  major  focal 
adhesion  plaque  proteins;  focal  adhesion  kinase  (ppl25  FAK)  and  paxillin  have  been  analyzed  in  our 
stable  transfected  clones  of  Pari/SB-2  cells.  For  this,  we  have  performed  immunoprecipitation  analysis 
using  antibodies  directed  to  FAK  and  paxillin  (Transduction  Laboratories,  Inc.  Lexington  KN),  detected 
by  anti  phosphotyrosine  antibodies  (4G10,  Upstate  Biotechnology  Inc).  The  assays  have  been  performed 
in  Pari  expressing  stable  clones  of  SB-2  cells,  following  activation  of  the  receptor  either  by  thrombin  or 
TRAP  (thrombin  receptor  activating  peptide).  As  one  can  see  in  Figure  9a,  the  activation  of  PARI 
induced  markedly  the  phosphorylation  of  paxillin  and  FAK.  The  characterization  of  focal  adhesion 
complex  (FAC)  assembly  was  carried  out  in  parallel,  following  the  immumo-fluorescent  staining  with 
monoclonal  antibodies  toward  FAC  proteins,  such  as:  vinculin,  paxillin  and  a  polyclonal  antibody  to 
ppl25FAK.  Our  data  point  to  the  formation  of  focal  adhesion  contacts  that  were  observed  in  all  the  cell 
types  examined.  However,  activated  PARI  transfectants  exhibited  larger  and  more  distinct  complexes  as 
detected  either  by  staining  of  FAK  and  paxillin  (Figure  9c).  Integrin  levels  were  detected  by  using  a 
battery  of  antibodies  directed  to  avp3,  a5pl  and  avp5  integrin  followed  by  FITC-labeled  second 
antibodies  evaluated  by  fluorescent  activated  cell  sorter  (FACS)  analysis  to  monitor  cell  surface  levels 
of  expression.  As  shown  in  Figure  10a,  no  difference  was  observed  in  the  non  metastatic  ligand 
activated  SB-2  or  the  PARI  stable  transfected  cells  following  activation  (Figure  10a). 

Adhesive  interactions  critically  influence  the  organization  of  the  cytoskeleton.  Reciprocally,  the 
cytoskeleton  affects  the  organization  and  function  of  integrins.  This  is  believed  to  be  one  of  the  means 
by  which  soluble  growth  factor  (GF)  receptors  cooperate  with  adhesive  receptors  to  synergize  and 
promote  cellular  response.  To  further  explore  the  effect  of  PARI  activation  on  cytoskeletal  re¬ 
organization  and  focal  contact  assembly,  we  have  plated  cells  on  glass  cover  slips  and  treated  them  with 
thrombin  or  TRAP  for  various  time  periods.  Cells  were  then  permeabilized,  fixed  and  stained  with 
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FITC-labeled  phalloidin  to  detect  filamentous  actin  (F-actin).  Cytoskeletal  reorganization  were 
observed  soon  as  15  minutes  after  activation.  PARI  transfectants  displayed  a  transition  from  elongated 
spindle-like  shape  to  spread,  jelly-fish-like  structures,  followed  by  the  rounding  of  the  cell  and  the 
appearance  of  a  ring-like  bundle  of  actin  filaments  90  min  after  activation.  These  observed  changes 
occurred  more  rapidly  and  were  more  dramatic  in  PARI  over-expressing  cells  as  compared  to  their  non- 

transfected  counterparts. 

In  order  to  determine  which  of  the  integrins  participate  in  the  induction  of  the  cytoskeleton 
signaling  events  in  response  to  PARI,  we  have  used  immunofluorescent  visualization  of  the  cell  surface 
integrins,  before  and  after  activation  of  PARI.  While  a5pi  and  av|53  are  distributed  in  a  diffused 
manner  over  the  cell  surface,  av(35  (Fig.  10b,  D)  was  localized  to  distinct  sites  of  focal  contacts. 
However,  the  detection  of  avp5  within  discrete  focal  contacts  occurred  only  in  the  activated  PARI  over¬ 
expressing  cells,  but  not  in  the  parental  cells  (Fig.  10b,  A),  or  in  the  mock  transfectants.  These  data 
further  suggest  that  av(55  integrin  is  responding  to  the  signals  conveyed  by  activated  PARI,  specifically 
recruited  to  the  focal  contact  sites  and  plays  a  major  role  during  the  re-organization  of  the  cytoskeleton. 
Additional  support  of  the  above  data  comes  from  reciprocal  co-precipitation  experiments:  avp5  and 
avp3  were  immuno-precipitated,  separately,  from  lysates  of  treated  or  non-treated  PARI  transfectant 
cells,  and  the  blotted  membranes  were  probed  with  anti-paxillin  mAb.  Paxillm  was  found  to  co¬ 
precipitate  with  av|35  and  also  with  avp3  (see  reference  8;  Appendix).  In  PARI  transfectants,  the 
precipitated  paxillin  level  was  apparently  higher  upon  receptor  activation  then  in  non  activated  cells  and 
only  basal  levels  were  detected  in  the  parental  cells,  regardless  of  the  cell  activation  state.  However,  the 
detected  levels  of  paxillin  co-precipitated  with  avp3  were  only  basal  and  were  not  affected  by  thrombin 
activation  in  any  of  the  cell  types.  In  addition,  paxillin  and  FAK  were  specifically  immuno-precipitated 
from  cell  lysates  of  PARI  transfectants  or  parental  SB-2  cells.  The  blotted  membrane  was  probed  with 
anti-av|35  mAb.  As  expected,  higher  levels  of  p5  subunit  were  detected  in  PARI  transfected  cells  upon 
activation,  as  compared  to  the  parental  cells  (Fig.  1 1).  When  anti-avp3  was  used  to  probe  the  same  blot, 
no  p3  subunit  was  detected  (data  not  shown).  These  data  show  that  a\$5  and  the  typical  signaling 
molecules,  paxillin  and  FAK  are  in  tight  association  and  thus  co-precipitate.  This  association  is  likely  to 
befall  within  focal  adhesions  rather  in  other  cellular  compartments.  It  appears  to  be  labile  and  to  occur 
in  response  to  PARI  activation,  indicating  the  presence  the  avp5  integrin  within  newly  assembled  focal 
contacts.  These  data  do  not  exclude  the  presence  of  avf*3  on  the  cell  surface.  However,  «v|33  integrin 
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probably  does  not  cooperate  with  PARI  specific  signaling  to  induce  the  cellular  responses  that  are 
described  here. 

To  conclude,  our  studies  propose  that  activadon  of  PARI  may  lead  to  a  novel  cooperation  with  the 
av|S5  integrin,  cytoskeletal  re-organization  and  the  assembly  of  FAC  formation  to  promote  migration 
and  tumor  cell  invasion. 


hParl  Overexpressing  Transgenic  Mice:  Role  in  Mammary  Gland 

Morphogenesis 

The  mouse  model  provides  a  powerful  system  to  study  mammary  gland  development. 

Largely,  the  functional  progression  of  a  mammary  gland  proceeds  in  distinct  stages  that  are 
fundamentally  defined  by  the  hormonal  status  of  the  animal.  At  the  onset  of  puberty,  about  4  weeks  of 
age,  large  club  shaped  terminal  end  buds  (TEB)  appear  (9)  consisting  a  simple  system  of  branching 
ducts  that  begin  growing  out  from  the  nipple  area  into  a  pad  of  fatty  connective  tissue  that  underlies 
the  skin.  The  ducts  then  elongate,  through  a  balanced  process  between  proliferation  and  apoptosis 
and  bifurcate  until  they  reach  the  edge  of  the  fat  pad,  in  puberty  (9, 10).  During  early  pregnancy  the 
mammary  gland  develops  largely  under  the  control  of  the  female  reproductive  hormones  such  as; 
estrogen,  progesterone,  and  prolactin  (10).  Subsequently  with  the  recurrent  estrous  cycles  the  ductal 
system  increases  in  level  of  complexity  forming  a  network  of  ductal  side  branches  that  sprout  from 
preexisting  ducts.  During  pregnancy,  epithelial  growth  takes  place,  involving  the  extensive 
proliferation  and  side  branching  into  a  tree  of  lobualveolar  units.  The  epithelial  cells  commence  into 
terminal  differentiation  and  begin  to  secrete  milk  -  at  lactation.  Finally,  during  involution  the  majority 
of  the  epithelial  network  regresses  in  size  through  apoptosis  and  tissue  remodeling  to  a  structure  that 
resembles  the  gland  of  a  nulliparous  female.  Needless  to  point  out  that  the  mechanism  that  enables  the 
delicate  regulation  of  factors  involved  in  this  complexed  morphogenetic  events  is  still  poorly 
understood.  The  ability  to  delete  or  overexpress  targeted  genes  in  the  mouse  genome  allowed  the 
identification  of  genes  involved  in  mammary  gland  development  and  assisted  in  elucidating  the 
molecular  mechanism  of  mammary  gland  progression.  For  example,  targeted  gene  deletion  (knock 
out)  experiments  enabled  the  dissection  of  the  role  of  individual  hormones  in  the  mammary  gland 
development.  Studies  on  estrogen  receptor  a  (ER  a)  deleted  mice  revealed  that  estrogen  is  required  for 
ductal  outgrowth  (11).  This  role,  affecting  ductal  outgrowth  is  confined  to  ER  in  the  stroma  but  not 
in  the  epithelium  (12).  On  the  other  hand,  ductal  side  branching  and  alveologenesis,  is  attributed  to 
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the  effect  of  progesterone.  The  elucidation  of  the  role  of  progesterone  is  complicated  by  the  fact  that 
in  the  mammary  epithelium,  synthesis  of  progesterone  receptor  (PR)  depends  on  estrogen  that  is 
elevated  (as  also  progesterone)  during  puberty  and  pregnancy.  Both,  exogenous  administration  of 
estrogen  and  progesterone  to  PR-/-  inactivated  mice,  as  well  as  tissue  recombination  techniques 
revealed  an  essential  role  for  progesterone  in  ductal  side-branching  (13).  While  in  the  absence  of  PR 
from  the  mammary  epithelium,  ductal  side  branching  fails  to  occur,  it  can  be  overcome  by  the  ectopic 
expression  of  the  protooncogene  Wnt-1  (14, 15).  Wnts  encode  a  family  of  secreted  glycoproteins  that 
carry  short  range  signals  between  cells  and  bind  to  members  of  the  Frizzled  family  of  seven  - 
transmembrane  receptors.  A  good  candidate  for  side  branching  was  assigned  to  Wnt-4,  weakly 
expressed  in  the  virgin  gland  and  its  expression  is  increased  early  in  pregnancy  (15, 16).  The  increased 
Wnt-4  expression  during  pregnancy  was  elegantly  demonstrated  by  Brisken  et  al„  suggesting  that 
progesterone  signaling  is  required  for  the  induction  of  WnM  expression  (14).  Altogether,  five  of  the 
ten  mouse  Wnt  genes;  Wnt-4,  -5a,  -5b,  -6  and  -7b  are  expressed  in  the  mammary  gland  (17).  While 
Wnt-4  plays  a  role  in  ductal  side  branching  and  kidney  development  (18)  the  individual  roles  of  other 
Wnts  are  yet  to  be  elucidated.  Moreover,  whether  PARI  plays  a  role  in  mammary  side  branching  via 
wnts  needs  to  be  addressed. 

During  pregnancy,  prolactin  is  essential  for  the  expansion  and  differentiation  of  the 
lobuloalveolar  system.  After  parturition,  prolactin  acts  in  synergy  with  insulin  and  glucocorticoids,  to 
induce  terminal  differentiation  and  milk  production.  Binding  of  prolactin  to  its  cognate  receptor  (PRLR) 
induces  dimerization  and  results  in  the  recruitment  and  activation  of  Janus-2  kinase  (Jak-2).  This  in  turn 
leads  to  receptor  phosphorylation  and  finally  translocation  to  the  nucleus  where  transcriptional 
activation  of  targeted  genes,  including  those  encoding  several  milk  proteins  -  takes  place  (19).  Targeted 
disruption  of  genes  in  prolactin  signaling  pathway  has  highlighted  prolactin  importance  in 
mammopoiesis  and  lactogenesis.  Prolactin  deficient  mice  exhibit  curtailed  ductal  branching  with  the 
arrest  of  mammary  organogenesis  at  puberty  (19).  Likewise,  PRLR  +/'  females  exhibit  impaired 
differentiation  of  lobualveolar  units  and  an  inability  to  lactate  (20, 21). 

We  have  prepared  transgenic  mice  catrying  an  MMTV-LTR  driven  hParl,  specifically  over 
expressed  in  the  mammary  glands  (Figs.  12, 13).  The  full  length  hParl  (1.4  kb)  was  inserted  between 
Hind  III  and  EcoRl  immediately  following  the  MMTV  promoter  (Fig.  15).  A  hParl  containing 
fragment  was  next  digested  using  Hgal  and  EcoRl  to  generate  the  appropriate  DNA  fragment  for 
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injection.  DNA  injected  to  the  fertile  eggs  was  inserted  into  1 1  C57B1/CB6/F1  mothers.  Of  these,  60 
pups  were  obtained  and  screened  for  hParl  by  analyzing  the  genomic  DNA  isolated  from  tails  and  by 
PCR.  Six  mice  were  found  positive  and  termed  Fo  -  founders.  Following  mating  with  wild  type  control 

mice  76  additional  pups  were  obtained,  of  which  11  were  found  positive  (as  evaluated  by  both  PCR  and 

southern  blot  analysis).  These  heterozygus  mice-/*  were  mated  (Fo  +  Fi)  resulting  with  additional  55 
pups.  We  currently  are  heavily  involved  in  testing  and  characterizing  hParl  homozygous  +/+  mice, 
as  determined  by  southern  blot  analysis  (see  Fig.  16).  When  different  organs  of  the  mouse  were  tested 
by  RT-PCR  for  the  expression  of  hParl  indeed,  the  only  positive  expression  was  obtained  in  the 
mammary  glands  but  none  in  other  organs  such  as;  ovary,  brain,  colon,  heart,  kidney,  lung,  spleen, 
salivary  gland  or  liver  (see  Fig,  17).  Whole  -  mount  histological  evaluation  of  the  growing  branch  ends 
showed  smaller  buds  and  represented  a  higher  level  of  ductal  complexity  in  the  virgin  hPar  1+1- 
overexpressing  mice,  especially  highlighted  in  the  pregnant  hPar  1+1-  mice.  These  mammary  glands 
exhibited  grossly  hyperplastic  features  as  compared  with  the  non  transgenic  littermates  (Fig.  14).  In  situ 
hybridization  analysis  on  sections  of  virgin  mammary  glands  and  during  early  pregnancy,  showed  high 
and  abundant  levels  of  hParl  at  the  luminal  phase  of  the  mammary  epithelium  (Fig.  15,  I&  II). 

Likewise,  quantitative  analysis  of  RT-PCR  showed  high  levels  of  hParl  expression  at  5,  8  and  13  weeks 
of  virgin  hParl+l-  as  also  elevated  hParl  levels  in  pregnant  mice  (P4d,  P8d,  P12d). 

Since  Wnt-4  has  been  recently  assigned  (15)  as  a  major  candidate  playing  a  role  in  ductal  side 
branching  of  the  mouse  mammary  gland,  we  wondered  whether  in  hParl  transgenic  mice  the  enhanced 
ductal  side  branching  is  mediated  via  Wnts.  To  address  this  issue  we  have  analyzed  the  expression  levels 
of  mouse  Wnts  during  normal  mammary  gland  development  as  compared  to  h  Par  1+1-  (or  hParl+l+ 
once  we  establish  a  homozygous  line  of  mice).  The  levels  in  virgin  mice  is  compared  to  the  expression 
during  pregnancy,  post  partum  and  after  weaning.  The  wnts  tested  included  the  family  members:  wnt  4 

wnt  5a,  Wnt  5b,  Wnt  6,  Wnt  7a  and  Wnt  7b. 

Our  preliminary  data  indicate  that  in  the  hPar+l-  overexpressing  glands,  Wnt-4  expression  is 
induced  markedly  as  compared  to  normal  mice,  demonstrated  by  RT-PCR  (especially  at  5  &13W 

virgin  and  during  pregnancy  P4d,  P8d  &  P12d).  Immunohistochemical  staining  showed  a  high  level 

of  staining  in  the  epithelial  compartment  of  hParl+l-  essentially  at  13W  virgin  mice,  P4d  and  P8d  mice 
(Figs.  16&17  )  as  compared  to  the  localization  and  expression  of  h  Par  1+/-  in  the  mammary  glands 
during  this  time-period.  No  such  effect  was  observed  when  Wnt  5a  -  5b,  -6  or  -7a  were  analyzed  as 
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shown  by  RT-PCR  (Fig.  16).  Wnt7b  however,  showed  induced  expression  in  pregnancy  (at  day  4  and 
8  but  not  at  day  12)  and  in  the  virgin  at  5  and  13  weeks  as  compared  with  normal  age-matched  mice 
(Fig.  16).  Mammary  gland  morphogenesis  proceeds  in  distinct  steps,  beginning  with  a  fetal  mammary 
analge  that  undergoes  ductal  elongation  and  branching  (22).  Early  to  mid-pregnancy  the  expression  of 
p-casein,  the  major  milk  protein  is  synthesized.  Indeed,  when  total  RNA  was  extracted  from  the  hParl 
+/-  mammary  glands  at  various  time  points  along  the  mammary  development  of  virgin  and  pregnant 
mice,  enhanced  |3-casein  synthesis  was  observed  early  in  pregnancy  of  hParl +/-  transgenic  mice  as 
compared  to  wild  type,  and  levels-off  thereafter  (Fig.  18). 

Next  we  have  addressed  the  possibility  whether  hParl  +/-  overexpression  in  the  mammary 
gland  induces  (in  addition  to  ductal  side  branching)  also  alveologenesis  (i.e.,  proliferation  in  the 
lobulo-alveolar  structures).  The  prospect  of  higher  ductal  network  complexity  as  a  result  of  enhanced 
alveoli  proliferation  rate  or  alternatively  an  inhibited  apoptois  process  -  was  examined.  To  address  this 
issue,  the  status  of  epithelial  proliferation  was  assessed  in  situ  by  immunostaining  using  antibodies  to  the 
“proliferating  cell  nuclear  antigen”  (PCNA).  TUNEL  assay  was  employed  for  the  evaluation  of 
apoptosis.  The  proliferation  index  is  defined  rather  as  the  number  of  PCNA  -  positive  nuclei  of  alveolar 
epithelial  cells  per  total  nuclei.  Our  data  show  that  indeed,  the  proliferation  of  alveolar  bud  epithelium 
was  significantly  enhanced  in  hParl+l-  overexpressing  mice  as  compared  to  wild  type  counterparts. 
Enhanced  PCNA  activity  was  observed  at  5W  hParl+l-  mice,  declined  at  weeks  8  and  10  and  was 
induced  back  again  at  13W  virgin  mice.  In  contrast  to  alveolar  epithelium,  the  proliferation  of  the  ductal 
epithelium  was  comparable  between  the  hParl+l-  and  wild  type  age  matched  counterpart.  During 
pregnancy,  although  active  on-going  alveoli  proliferation  takes  place  in  w.t.  mice  a  higher,  enhanced 
PCNA  staining  is  observed  at  hParl +/-  mice  along  pregnancy  (at  P4d,  P8d  and  P12d;  see  Fig.  19).  On 
the  other  hand,  low  basal  apoptosis  levels  were  obtained  and  there  was  no  significant  differences  in 
apoptosis  rates,  measured  by  TUNEL  assay  (data  not  shown).  Overall,  we  conclude  that  hParl+l- 
transgenic  mammary  glands  exhibit  enhanced  alveoli  proliferation  as  also  ductal  side  branching, 
ultimately  leading  to  a  higher  ductal  network  complexity. 

The  TNF  receptor  family  RANK  ( receptor  activator  of  NFkB)  is  activated  by  its  ligand 
RANKL,  and  plays  an  important  role  in  bone  remodeling,  inducing  differentiation  and  activation  of 
osteoclasts,  and  hence  the  morphogenesis  of  bone  matrix.  Surprisingly,  it  has  been  recently 
demonstrated  that  RANK  plays  a  significant  role  in  mammary  gland  development  involving  mainly  in 
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the  survival  and  proliferation  of  the  alveolar  epithelial  cells.  Mice  lacking  RANKL  or  its  receptor 
RANK  fail  to  form  lobulo-alveolar  mammary  structures  during  pregnancy  and  resulting  in  death  of  the 
newborns  (23).  Since  hParl +/-  mice  show  enhanced  alveoli  proliferation  we  have  evaluated  the  levels 
of  RANK  and  RANKL  in  our  hParl+l-  transgenic  mammary  glands  as  an  additional  indicator  for 
lobulo-alveolar  proliferation  index.  RT-PCR  (Fig.  18)  as  well  as  Northern  blot  analysis  (data  not 
shown)  revealed  that  RANK  levels  were  induced  in  hParl  +/-  mammary  glands  especially  at  18days  of 

pregnancy  and  during  lactation,  as  compared  to  the  wild  type  age  matched  counter  parts.  These  data 

support  and  strengthen  our  observations  that  hParl  overexpressing  mice  in  addition  to  ductal  side 
branching,  are  involved  in  lobulo-alveolar  proliferation  and  the  enhanced  expression  of  RANK  and 
RANKL.  Collectively,  these  data  provide  additional  support  for  the  involvement  of  hParl  in  mammary 
gland  hyperplasia  and  oncogenesis.  hParl  thus,  joins  the  list  of  novel  oncogenes  with  a  similar  effect, 
inducing  the  mammary  gland  network  complexity. 

Pattern  of  expression  and  tissue  localization  of  Syk;  a  tumor  suppressor 
gene  -  in  normal  mammary  gland  development 

Analysis  of  Syk  expression  levels  in  either  human  biopsy  specimens  or  a  panel  of  well 
established  breast  cancer  cell  lines  revealed  an  inverse  correlation  between  Syk  expression  and 
malignancy  (24-27).  However,  the  pattern  of  Syk  expression  during  normal  mammary  gland  development 
has  not  been  addressed.  We  have  performed  immunohistostaining  analysis  on  paraffin  embedded  sections 
of  mammary  gland  sections  during  different  developmental  age.  Surprisingly,  Syk  expression  was  high 

and  abundant  in  the  mammary  gland  epithelial  cells  of  5  weeks  virgin  mice.  Syk  expression  declined 
dramatically  thereafter  at  weeks  8  and  10  with  little  or  nearly  no  Syk  expression  (Fig.  20 )  and  was 
induced  back  again  at  week  13  virgin  mice  as  also  during  pregnancy  (Pday4  and  Pdayl4;  Fig.  20).  It 
appears  that  Syk  expression  levels  during  the  normal  mammary  gland  development  mimics  the  pattern 
obtained  for  PCNA  staining  in  w.t.  mice  as  an  index  for  mammary  gland  alveoli  -  proliferation.  This 
pattern  of  Syk  expression  was  re-affirmed  by  RT-PCR  and  immunoblot  analysis  (data  not  shown).  What 
is  the  role  of  Syk  during  normal  mammary  gland  development  remains  yet  fully  to  be  determined. 
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Regulation  of  Syk,  a  tumor  suppressor  gene  during  breast  cancer 
oncogenic  transformation:  Modulated  expression  and  means  of  activation 

by  hParl 

Syk,  a  tandem  SH2  tyrosine  kinase  protein  widely  expressed  in  hematopoeitic  cells  (24)  has 
been  recently  assigned  as  a  potent  tumor  suppressor  gene  in  human  breast  carcinomas  (25-27).  Analysis 
of  Syk  expression  levels  in  either  human  biopsy  specimens  or  a  panel  of  well  established  breast  cancer 
cell  lines  revealed  an  inverse  correlation  between  Syk  expression  levels  and  malignancy.  High 
expression  levels  are  detected  in  the  normal  mammary  gland  tissues  as  well  as  in  nearly  normal  and 
benign  cell  lines.  No  Syk  expression  was  detected  in  the  invasive  pathological  breast  tissue  specimens 
and  the  highly  metastatic  cell  lines  (25).  Oncogenic  transformation  of  breast  epithelial  cells  provides  a 
powerful  system  to  study  the  molecular  mechanism  and  signal  transduction  pathways  involving 
malignant  breast  cancer  progression.  These  may  include  Ras  and  Src;  which  are  signaling  oncogenes  or 
Pari  C Protease  Activated  Receptor-l )  a  membrane  associated  G-protein  coupled  receptor.  The  full 
length  thrombin-receptor;  PARI,  has  been  recently  assigned  as  an  oncogene  based  on  a  screen  for 
cDNAs  whose  expression  causes  foci  formation  in  NIH3T3  cells.  The  transforming  activity  of  Pari 
seems  to  be  due  to  the  ectopic  overexpression  of  the  receptor  rather  than  to  an  activating  mutation 
although.  Pari  mutant  (that  could  not  be  cleaved  by  thrombin)  was  impaired  in  its  transforming  activity 
insinuating  that  hParl  signaling  events  are  essential  (28). 

While  the  loss  of  Syk  seems  associated  with  malignant  features  such  as  increased  motility  and 
invasion,  the  role  of  oncogenic  transformation  in  the  fate  of  Syk  expression  and  activation  has  not  been 
studied.  The  delicate  balance  between  tumor  suppressor  gene  activation  and  oncogenic  transformation 
may  nonetheless  provide  a  key  determinant  in  the  molecular  decision  leading  to  the  acquisition  of 
progression  toward  malignancy.  The  loss  of  Syk,  however,  is  only  one  determinant  in  the  multistep 
process  of  breast  tumor  development.  Expression  of  Syk  on  the  other  hand,  is  not  sufficient  for  its  full 
biological  response.  Since  Syk  exerts  its  tumor  suppression  activity  only  in  vivo  in  animals  or  in  three- 
dimensional  Matrigel  cultures,  but  not  on  a  plastic  2D  culture  dish,  it  is  likely  that  the  signals  conveyed 
by  the  extracellular  matrix  environment  are  critical  for  the  activation  of  Syk.  During  our  studies  on  the 
role  of  hParl  in  breast  carcinoma  invasion  and  metastasis  we  set-out  to  analyze  the  interrelation 
between  the  breast  invasive  phenotype  and  Syk;  more  specifically  the  mutual  interactions  of  hParl  and 

Syk. 
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Human  mammary  epithelial  cells  form  acini-like  structures  containing  a  single  layer  of 
polarized,  growth  -  arrested  cells  when  grown  within  a  Matrigel  environment;  (matrix  rich  in  collagen 
type  IV  and  laminin  derived  from  the  Englebreth-Holm  Swarm;  EHS  tumor)  (29).  The  epithelial  cells 
within  the  acini  in  cultures  as  also  in  vivo  deposit  collagen  type  IV  and  secrete  sialomucin  in  their  basal 
and  apical  surfaces,  respectively.  They  also  have  a  typical  apico-basal  distribution  of  polarity  markers 
such  as  ZO-1,  E-cadherin  and  <x6|34  integrins.  These  indicate  that  the  acinar  structures  formed  in  culture 
closely  mimic  the  acini  in  the  adult  breast.  Three-dimensional  acinar  structures  were  generated  by 
plating  MCF-10A  cells  on  an  exogenous  basement  membrane  matrix  (Matrigel).  After  10-12  days  in 
culture,  each  cell  formed  an  acinus  containing  20-40  cells  (Fig.  21).  Confocal  immunofluorescence 
analyses  of  acini  labelled  with  4’,  6-diamidino-2-phenylinidole  (DAPI)  revealed  that  the  acinar  units  had 
basally  localized  nuclei  and  a  hollow  lumen.  Immunostaining  for  basal  surface  markers  such  as  collgen 
type  IV  (data  not  shown)  and  cell-cell  junction  markers  as  p-catenin  and  E-cadherin  (Fig.  21),  indicated 
that  the  acinar  structures  consisted  of  polarized  epithelial  cells  (30).  In  contrast,  these  cells  exhibited 
highly  invasive  phenotype  of  disorganized  intrusion  structures  (Fig.  22a),  when  infected  with  an  adeno 
virus  carrying  activated  Ras  oncogene  V12Ras,  or  when  an  invasive  breast  cancer  cells  highly 
expressing  hParl  were  plated,  under  similar  conditions. 

One  of  the  major  candidates  playing  a  central  role  in  the  migratory  invasive  phenotype  of  the 
cells  -  is  Focal  Adhesion  Kinase  (FAK).  FAK  is  known  to  enhance  cell  migration  through  focal 
adhesion  turnover  because  fibroblasts  from  FAK  -  deficient  mice  exhibit  markedly  reduced  cell 
migration  and  large  focal  adhesions  (31).  It  has  been  also  documented  that  overexpression  of  FRNK 
(FAK  Related  Non  Kinase  fragment),  a  C-terminus  fragment  representing  FAK,  with  dominant  negative 
properties  in  endothelial  or  chicken  embryo  cells,  respectively,  reduced  cell  migration  and  proliferation 
(32,  33).  When  we  have  transfected  FRNK  (in  a  pcDNA3.1  plasmid,  kindly  provided  by  Dr.  David 
Schlaepefer,  The  Scripps  La  Jolla,  CA)  to  the  cells  that  express  high  hParl  levels,  the  following 
properties  were  observed.  Cells  transfected  with  FRNK  showed  good  expression  levels  as  indicated  by 
an  HA-tag  FRNK  antibodies.  Furthermore,  when  the  phosphorylation  levels  of  FAK  were  analyzed,  as 
compared  to  non  transfected  parental  cells,  a  dose  dependent  inhibition  was  observed  at  a  concentration 
that  correlated  with  the  expression  levels  of  FRNK  (Fig.  22  b,  c).  When  the  FRNK  transfected  cells 
were  then  plated  on  a  Matrigel  3D  cultures,  and  the  morphogenesis  of  these  cells  were  compared  to  the 
parental  highly  invasive  cells  -  a  nearly  well  organized  spheroids  structures  were  obtained  (Fig.  22a, 
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bottom  panel).  This  however,  was  not  the  case  when  highly  invasive  hParl  expressing  cells  were  plated 
on  Matrigel,  showing  a  typical  invasive  phenotype. 

These  preliminary  observations  indicate  that  hParl  invasive  phenotype  can  be  abrogated  when  a 
dominant  negative  foim  of  FAK;  FRNK  is  overexpressed.  Altogether  these  data  provide  additional 
support  to  our  previous  studies  demonstrating  that  part  of  the  molecular  mechanism  of  hParl 
invasiveness  is  mediated  via  integrin  activation  and  formation  of  focal  adhesion  contact  sites  (1,8). 

As  mentioned  above,  when  we  have  screened  a  set  of  differentially  invasive  breast  cancer  cell 
lines  for  the  levels  of  Syk  expression-high  levels  of  Syk  were  observed  in  MCF-7  breast  carcinoma  cells 
or  in  the  nearly  normal  fibrocystic  MCF10A  cells.  No  Syk  expression  however,  was  observed  when 
clones  of  MCF7  cells  stabley  expressing  a  full  length  of  hParl,  MCF10A  expressing  V  12Ras  or  the 
highly  invasive  cell  line  MDA  435  were  analyzed  (Fig.  23b).  It  appears  therefore,  that  the  loss  of  Syk, 

a  tumor  suppressor  gene  takes  place,  as  part  of  the  invasive  properties  of  breast  cancer  cells.  What  are 

the  molecular  mechanisms  involved  in  the  silencing  of  SYK  gene  during  invasion  is  of  interest.  Is  it 
mediated  via  hypermethylation  in  the  Syk  promoter  as  reported  for  the  highly  invasive  MDA  435  breast 
carcinoma  cells  (26).  In  this  regard  we  are  currently  studying  whether  hParl  overexpression  leads  to  a 
similar  hypermethylation  of  SYK  promoter. 

While  exploring  the  role  of  Syk  in  breast  cancer  invasion  and  metastasis  we  introduced  Syk  to 
the  highly  invasive,  high  hParl  expressing  cells  (3TB  breast  carcinoma).  This  was  carried  out  by 
infection  with  the  Syk  virus  that  was  prepared  by  the  cloning  of  Syk  into  a  viral  vector  pLHCX  (the 
Moloney  Murine  leukemia  virus,  MoMuLV)  and  following  the  appropriate  packaging  in  adequate  cells 
(293-GPG  cellsXstudies  in  collaboration  with  J.S.  Brugge,  Dept,  of  Cell  Biology,  Harvard  Medical 
School,  Boston ,  MA ).  These  cells  when  plated  in  a  Matrigel  environment  mimicking  the  3D  cultures, 
exhibited  distinct  circular  phenotype  following  activation  of  PARI.  This  was  not  the  case  in  Syk-3TB 
cells  prior  to  PARI  activation,  exhibiting  still  an  invading  phenotype  (Fig.  24a).  Thus,  it  is  not 
sufficient  to  merely  overexpress  Syk  but  in-fact,  an  activation  step  is  essential  in  order  to  manifest  Syk 
tumor  suppressor  effect  and  the  munded  appearance  of  the  cells  (  Fig.  24a).  Intriguingly  this  was  not 
the  case  when  parental  3TB  breast  carcinoma  cells  were  plated  under  similar  conditions.  3TB  cells 
expressing  high  hParl  exhibited  a  typical  invasive  phenotype,  regardless  of  PARI  activation.  The 
"suppression”  phenotype  obtained  following  PARI  activation  in  Syk-3TB  cells,  was  markedly  obtained 

over  a  range  of  a  dose  dependent  concentrations  for  PARI  activation  (F,g.  24)  and  in  a  period  of  2-3 
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days.  Concomitantly,  we  have  found  that  PARI  activation  induced  the  phosphorylation  levels  of  Syk, 
reaching  maximal  stimulation  after  30  min  and  declining  by  1  h  (Fig.  25).  Next,  we  have  examined  the 
signaling  pathways  in  Syk-3TB  cells  as  compared  with  parental  3TB  cells  (expressing  high  levels  of 

hParl). 

C  Jun  N-terminal  kinases  (JNKs)  are  members  of  the  MAPK  family  that  are  activated  in 
response  to  growth  factors,  cellular  stresses  and  other  stimuli  such  as  UV  irradiation  and  changes  in 
osmolity  (34).  Substrates  for  activated  JNK  include  several  transcription  factors,  among  of  which  are  :  c- 
Jun,  ATF2  and  Elkl.  JNK  phosphorylates  a  specific  domain  within  each  of  these  molecules  and  thereby 
increasing  their  transcriptional  activity.  Ample  evidence  support  a  pivotal  role  for  GTP-binding  proteins 
in  inhibiting  the  activation  of  MAPK  pathways.  In  particular,  Rac  and  Cdc42  which  belong  to  the  Rho 
family  of  small  GTPases,  and  have  been  shown  to  lie  upstream  of  the  JNK  cascades  (5,  36).  The 
topology  of  the  signaling  path  leading  to  the  activation  of  these  GTPases  has  remained  yet  elusive.  JNK 
can  be  activated  also  via  Crk,  an  adaptor  protein  consisting  of  SH2  and  SH3  domains.  Interestingly, 
Casl30  a  downstream  signaling  protein  following  integrin  activation  which  gets  phosphorated  after 
integrin  ligation-  appears  to  be  a  major  binding  protein  of  SH2-Crk  (37).  Thus,  Crk  may  connect 
additional  signaling  pathways  to  the  traditional  Rac- JNK  pathway  within  a  cell  (38). 

Activation  of  PARI  led  to  JNK1  phosphorylation,  maximal  phosphorylation  levels  were 
obtained  15’  following  activation,  declined  gradually  thereafter  (and  reached  basal  levels  after  lh 
stimulation)  (see  Fig.  26a).  Syk-3TB  cells  however,  when  activated  in  a  similar  manner  were  unable  to 
phosphorylate  JNK  over  the  same  time-period.  This  result  point  to  the  possibility  that  upon  activation  of 
PARI,  Syk  conveys  an  inhibitory  effect  resulting  with  abrogation  of  downstream  of  JNK 
phosphorylation.  In  parallel,  when  we  have  analyzed  the  phosphorylation  pattern  of  cCbl,  an  immediate 
substrate  of  the  Syk/ZAP-70  kinases,  a  dose  dependent  phosphorylation  was  observed  in  the  Syk-3TB 
but  not  in  the  3TB  cells  (that  lack  Syk)  following  PARI  activation  (Fig.  26b).  cCbl  has  been  shown  to 
be  associated  with  large  number  of  signaling  molecule  among  of  which  are:  Src,  Fyn,  Lyn,  Syk  ZAP-70 
and  PI3K.  It  is  conceivable  that  activation  of  Syk  by  PARI  leads  to  sequential  recruitment  of  molecules 
ultimately  resulting  with  JNK  inhibition  downstream.  We  tentatively  suggest,  that  Syk  inhibition  of  JNK 
phosphorylation,  led  to  the  “suppression  phenotype”  in  3  D  cultures  giving  rise  to  a  rounded  appearing 

cells,  following  PARI  activation. 
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Due  to  the  distinct  biological  phenomenon  observed  in  Syk  containing  cells  following  PARI 
activation,  we  have  next  examined  the  possibility  that  PARI  directly  interacts  with  Syk.  For  this  we 

have  prepared  immuno-complexes  containing  PARI  and  analyzed  the  expression  levels  of  Syk.  We 

have  found  that  in  Syk  containing  cells,  abundant  levels  of  PARI  were  found  co-immunoprecipitated. 
This  was  carried  out  by  IP  of  PARI  and  detection  of  Syk  in  the  immuno  complexes  obtained  (Fig.  27a). 
The  same  was  true  also  vise  versa,  when  Syk  was  first  immunoprecipitated,  PARI  levels  were  found 
present  within  the  immuno  -  complexes  (data  not  shown).  Thus,  we  conclude  that  Syk  and  PARI  co- 
immunoprecipitate  as  a  result  of  protein  -  protein  associations  (Fig.  27a).  When  a  truncated  form  of 
PARI  devoid  of  the  entire  cytoplasmic  tail  used  for  immunocomplex  analysis-no  Co-IP  of  syk  and 
hPARl  were  detected.  In  parallel,  we  have  prepared  GST-C-tail  of  PARI,  containing  Serine  (S)  369  /N- 
terminus  and  up  to  residue  425  (T)  /  COOH.  The  C-tail  was  prepared  using  RT-PCR  ( 5’ 
TACTATTACGCTGGATCCTCTGAG-3’  and  5’  CTGA ATTCCT A AGTT AACAGCTT-3 ’ ).  The  DNA 
fragment  obtained  was  further  cut  with  the  appropriate  restriction  enzymes  (BamHl  and  EcoRl)  and 
ligated  into  pGEX2T  vector  (see  scheme).  The  GST-C-tail  was  separated  on  a  SDS-gel,  indicating  that 
the  fusion  protein  of  the  C-tail  was  adequately  prepared.  Next  we  have  prepared  various  cell  lysates 
and  applied  them  onto  the  GST-PAR1  -  C-tail  in  order  to  determine  a  specific  possible  binding  protein. 
The  specifically  eluted  material  showed  clearly  that  in  lysates  of  Syk-3T3  cells  -  Syk  was  bound  to  the 
PARI  C-tail  but  not  when  a  control  GST-  beads  were  used  as  a  binding  column  (  Fig.  27c ).  No  specific 
proteins  were  bound  when  lysates  of  3T3  cells  were  applied  under  similar  conditions  (Fig.  27c).  When 
a  GST  -  C-tail  of  PARI  was  digested  and  cleaved  from  the  GST  beads  (for  the  purpose  of  possible 
competition  analysis  during  the  Co-IP  experiments  between  PARI  and  Syk),  a  marked  inhibition  of  Syk 
levels  observed.  These  results  further  substantiated  and  strengthened  the  basic  assumption  that  Syk 
and  PARI  are  physically  co-  associated  (Fig.  27b).  We  are  currently  analyzing  whether  the  N-terminal 
SH2  or  the  tandem  SH2  domains  of  Syk  are  involved  directly  in  the  binding  to  PARI  cytoplasmic 
portion.  We  are  also  preparing  deletion  regions  of  PARI  cytoplasmic  tail  in  order  to  determine  the 
minimal  size  necessary  for  this  direct  association  between  PARI  and  Syk.  We  plan  to  insert  mutants  in 
specific  selected  residues  of  PARI  cytoplasmic  tail,  in  order  to  establish  the  critical  amino  acids 
involved  in  Syk  binding.  In  leukocytes  ,  Syk  is  activated  by  binding  to  diphosphorylated  immune 
receptor  tyrosine-based  activation  motifs  (pITAMs)  (39).  Syk  also  has  been  recently  demonstrated  to 
directly  interact  with  the  C-terminal  portion  of  integrin  (S3  cytoplasmic  tail  (40).  The  possibility  that 
Syk  interacts  directly  with  the  cytoplasmic  region  of  PARI  is  nonetheless  interesting  and  intriguing.  It 
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may  implicate  that  PARI,  a  G-coupled  receptor  is  capable  of  recruiting  Syk  kinase  to  couple  tyrosine 
induced  pathways,  for  a  protective  tumor  suppressing  outcome. 

hParl  and  Tumor  angiogenesis. 

The  formation  of  new  blood  vessels  (vasculogenesis  and  angiogenesis)  is  generally  low  in  the 
adult  organism,  yet  essential  during  embryonic  development,  wound  healing  and  the  normal  cyclical 
changes  that  occur  in  the  female  reproductive  tract.  Angiogenesis  is  a  prerequisite  for  tumor  growth  and 
metastasis  (41, 42).  In-fact,  tumor  angiogenesis  is  viewed  as  a  consequence  of  activation  of  an 
angiogenic  switch,  which  allows,  based  on  genetic  alterations,  the  ability  to  recruit  blood  vessels  from 
neighboring  tissues  (43).  Tumors  are  limited  in  size,  and  cannot  exceed  beyond  a  few  cubic  millimeters 
without  the  innermost  cells  undergoing  necrosis  (42).  Targeting  selective  anti  tumor  vasculature 
therapies  is  based  on  the  notion  that  inhibiting  the  ongoing  tumor  neovascularization  will  be  without 
affecting  much  the  host  circulatory  system,  generally  quiescent  in  nature.  Ongoing  neovascularization 
and  constant  remodeling  of  the  tumor  vessels  may  account  for  the  fact  that  at  any  given  time,  along  the 
tumor  growth,  a  significant  fraction  of  the  tumor  vessel  is  poorly  structured  and  represents  immaturity. 
This  may  account  for  the  lack  or  incomplete  periendothelial,  smooth-muscle  coating  of  the  vessel  that 
lag  behind  the  initial  formation  of  the  endothelial  network.  VEGF  has  emerged  as  the  most  commonly 
upregulated  angiogenic  factor  in  tumors,  as  well  as  its  established  relevance  in  embryonic  and 
physiological  angiogenesis,  rendering  the  molecule  a  prime  target  for  antiangiogemc  therapy.  VEGF 
exerts  its  activity  by  binding  to  its  tyrosine  kinase  receptors  Flt-1  and  Flkl/KDR  and  to  the  auxiliary 
receptor  neuropilin  (44).  VEGF  also  function  as  a  survival  factor  for  the  immature  blood  vessels.  These 
vessels  become  VEGF  independent  once  they  recruit  periendothelial  cells  and  undergo  maturation. 
Consequently,  a  newly  formed  vascular  network  will  regress  if  VEGF  is  prematurely  withdrawn.  VEGF 
deprivation  may  thus  lead  not  only  to  inhibition  of  further  angiogenesis,  but  also  to  regression  of 
preformed  tumor  vessels  (45). 

While  recently  (46)  it  has  been  shown  that  PARI  plays  a  critical  role  in  endothelial  cell  embryonic 
development  rescuing  Par  1  -I-  mice  from  bleeding  to  death  -  its  function  in  tumor  angiogenesis  is 
unknown.  It  was  unclear  whether  bleeding  in  embryos  lacking  Pari,  tissue  factor  as  well  as  other 
coagulation  factors  result  from  impaired  hemostasis  or  damaged  blood  vessel  formation.  Griffin  et  al, 
(46)  provided  elegant  evidence  highlighting  the  loss  of  PARI  that  in-fact,  does  not  prevent  vessel 
formation  but  rather  impairs  stabilization  and  maturation  of  the  newly  forming  vessels,  thereby  causing 
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abnormal  fragility  and  ruptures  in  the  vessel  wall  (46, 47).  By  initiating  PARI  signaling  in  endothelial 
cells,  Griffin  et  al,  were  able  to  rescue  Pari  deficient  mouse  embryos  from  bleeding  to  death.  These 
demonstrate  that  activation  of  PARI  and  its  signaling  pathway  in  endothelial  cells  is  essential  for 
vascular  integrity.  There  are  similarities  shared  between  the  phenotype  of  several  coagulation  factor 
knock  out  embryos  (i.e.,  factor  V-/-,  tissue  factor  -/-  and  prothrombin  -/-)  and  Par  1-1-  embryos.  Most  of 
them  die  at  midgestation  with  yolk  sac  defects  and  continuous  bleeding  (48-51).  These  suggest  that 
tissue  factor  might  contribute  either  to  blood  vessel  development  or  hemostasis  via  its  ability  to  initiate 

the  coagulation  cascade  in  the  embryo. 

Our  studies  indicate  that  Pari  gene  expression  plays  a  central  role  in  the  induction  of  blood 
vessel  recruitment  in  animal  models  in  vivo,  as  determined  by  the  “Tet-on”  Pari  inducible  prostate 
system  and  by  the  Matrigel  micropocket  assay.  Pari  induced  angiogenesis  is  mediated  via  the 
increased  expression  of  vascular  endothelial  growth  factor  splice  forms;  VEGF121,  VEGF145,  VEGF165 
and  VEGF189  or  but  not  VEGF  206.  Activation  of  PARI  induces  markedly  the  expression  levels  of 
functional  VEGFs  as  determined  by  Northern  blot  analysis,  endothelial  tube  alignment  in  a  3 
dimensional  collagen  gel,  as  well  as  bovine  aortic  endothelial  cell  proliferation  in  vitro.  Since 
neutralizing  anti  VEGF  antibodies  potently  inhibited  Pari  induced  endothelial  cell  proliferation,  we 
conclude  that  functional  VEGF  expression  and  secretion  is  at  least  partly  regulated  by  Pari.  The  Pari 
induced  VEGF  expression  is  inhibited  by  specific  PKC,  Src  and  PI3K  inhibitors  (i.e.,  Calphostin  C,  PP- 
2  and  Wortmanin,  respectively),  suggesting  the  participation  of  these  signaling  enzymes  in  the  process. 
In  parralel,  we  show  that  oncogenic  transformation  of  genes  shown  to  be  part  of  PARI  signaling 
machinery  -  is  sufficient  to  increase  VEGF  expression.  While  NIH3T3  cells  do  not  express  VEGF, 
transfection  of  the  cells  with  the  activated  forms  of  either  src  or  vav  results  in  a  marked  increase  in  the 
expression  of  VEGF.  On  the  other  hand,  only  a  slight  increase  in  VEGF  isoform  expression  is  observed 
when  the  cells  are  transfected  with  ras  and  the  non  -  transforming  proto-oncogene  vav  transfected  cells 
and  very  little  or  none  in  the  SH2  mutants  of  the  vav  oncogene  transfected  cells.  Altogether  we  show 
here,  the  in  vivo  induction  of  Pari  tumor  angiogenesis  by  the  use  of  either  Pari  transfected  Matrigel 
plug  assay  or  the  “Tet-on”  Pari  inducible  system.  This  process  is  mediated  by  the  induction  of  four 
VEGF  splice  forms.  We  provide  herewith  additional  evidence  supporting  the  novel  notion  that  initiation 
of  cell  signaling  either  by  activating  PARI  or  in  the  presence  of  activated  forms  of  ras,  src  and  vav  is 
sufficient  to  induce  VEGF  and  hence  angiogenesis. 
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PARI  promotes  tumor  angiogenesis  in  vivo 

For  this,  we  have  applied  Matrigel  plug  assay  to  evaluate  whether  Pari  can  recruit  blood 
vessels  in  vivo.  Stable  Pari  transfected,  non  metastatic  SB-2  melnaoma  cells  were  mixed  at  4°C  with 
Matrigel  (reconstituted  basement  membrane  (BM)  preparation  extracted  from  EHS  mouse  sarcoma)  and 
injected  w.  into  BALB/c  mice.  Similarly  treated  mock-transfected  SB-2  cells  expressing  no  Pari 
served  as  control.  Upon  injection,  the  liquid  Matrigel  rapidly  formed  a  solid  gel  plug  that  served  not 
only  as  an  inert  vehicle  for  PARI  producing  cells,  but  in-fact  maintained  the  natural  interactions  existing 
between  tumor  cells  and  the  surrounding  extracellular  matrix  (ECM).  As  shown  in  Fig.  28  a 
pronounced  angiogenic  response  was  induced  by  Matrigel  embedded  over  expressing  Pari  cells  as 
compared  with  little  or  no  neovascularization  exerted  by  the  mock-  transfected  cells  expressing  no  Pari. 
The  angiogenic  response  was  reflected  by  a  network  of  capillary  blood  vessels  attracted  toward  the 
Matrigel  plug  containing  Pari  overexpressing  cells  while  very  little  or  no  vascular  response  was 
obtained  by  the  control  mock-  transfected  SB-2  cells.  Highly  pronounced  blood  vessel  recruitment  was 
observed  especially  in  the  Matrigel  embedded  with  cells  that  were  initially  PARI  activated,  poor  to 
mixing  with  the  Matrigel  liquid  pellet  (Fig.  28, 1).  The  differential  amount  of  blood  vessels  obtained  is 
shown  in  sections  of  the  Matrigel  plug  stained  for  collagen  (Mallory’s  staining),  allowing  the  evaluation 
blood  vessels  (red)  in  different  areas  per  section.  A  striking  difference  is  obtained  in  activated  PARI 
transfected  cells  as  compared  to  non  transfected  or  mock-transfected  activated  cells  (Fig.  28,  II). 
Evaluation  of  the  blood  vessels,  as  counted  in  each  Matrigel  section  and  following  the  various 

treatments  is  demonstrated  (Fig.  28,  III). 

Inducible  Pari  expression  in  rat  prostatic  carcinoma  increases  tumor 
mass  and  angiogenesis. 

Differential  expression  of  Pari  in  the  Dunning  rat  prostate  carcinoma  cell  variants  was  observed 
by  RT-PCR.  Low  levels  of  Pari  in  AT2.1  and  high  levels  in  AT3.1  (Fig.  29 1,  A)  which  is  more  motile 
and  tumorigenic  than  AT2. 1  (52).  In  order  to  establish  the  exclusive  effect  of  Pari  expression  on 
prostate  tumor  progression,  AT2.1  cells  were  transfected  with  human  Pari  cDNA  under  the  control  of  a 
tetracyclin-inducible  promoter  (Fig.  2911).  Two  highly  inducible  clones,  AT2.1/Tet-On/  6PAR1  clones 
4  and  10,  were  isolated,  in  which  /iPARl  expression  was  strongly  induced  by  a  tetracycline  analog 
Doxorubicyn  (Dox)  as  determined  by  Northern  blot  analysis.  PARI  expression  was  nearly  non 
detectable  in  the  absence  of  Dox.  Upon  the  addition  of  Dox  the  levels  of  the  4.1  kb  Pari  mRNA  were 
increased  substantially  (Fig.  29 II,  D  &F).  AT2.1  cells,  mock  transfected  with  the  pTet-On  vector  but 
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without  PARI,  did  not  express  any  detectable  Pari  levels  either  in  the  presence  (Fig.  29 II,  lane  B)  or 
in  the  absence  of  Dox  (Ftg.  29 II,  lane  A).  The  optimal  dose  of  Dox  necessaty  to  induce  PARI 
expression  was  1-2  pg/ml  (not  shown).  Pari  mRNA  could  be  detected  as  early  as  4*  h,  and  reached 
maximum  levels  at  20-24  h  after  Dox  treatment  (not  shown).  When  AT2.1(Te,-On/hPARl  clone  4  cells 
and  mock  transfected  cells  were  injected  s.c.  into  rats  and  fed  Dox  in  their  drinking  water  (over  2  weeks 
period)  -  a  marked  tumor  growth  was  visualized.  As  one  can  note,  (Fig.  29  III)  in  the  absence  of  Dox, 
AT2.1  clone  4  tumors  grew  to  a  tumor  mass  of  0.35  gr.  Once  PARI  expression  was  induced  by  Dox, 
the  tumor  mass  increased  to  an  estimated  ~  1.35gr  a  3.8  fold  increase.  On  the  other  hand,  mock 
transfected  tumor  cells  grew  to  a  tumor  size  of  0.55gr  as  compared  to  AT2. 1  non  transfected  cells  of 
(0.35  gr)  regardless  whether  the  animals  were  fed  Dox  or  not  (Ftg.  29,  IV).  This  demonstrates  that  Dox 
in  itself  has  no  significant  effect  on  tumor  growth  in  vivo.  AT2.1/Tet-On»PARl  cells  following  Dox 
treatment  resulted  also  in  a  highly  reddish  appearing  tumors  (Fig.  29  III.  A)  as  compared  to  a  pale 

looking  one  in  the  absence  of  Dox  (29in,B).  We  conclude  therefore,  that  the  regulated  induction  of 

Pari  gene  enhanced  markedly  two  critical  determinants  in  tumor  progression;  tumor  size  and 
angiogenesis. 

hParl  expressing  cells  induce  functional  VEGF 

Next  we  analyzed  the  expression  levels  of  VEGF  in  stable  Pari  transfected  melanoma  cells. 
While  non  expressing  Pari  cells  did  not  show  any  VEGF  expression,  stable  transfectants 
overexpressing  Pari  exhibited  distinct  induction  in  VEGF  165  levels  as  obtained  by  Northern  blot 
analysis  (Fig.  301).  Parental  SB-2  or  mock  transfected  cells  (301,  A&B  respectively)  showed  no 
detectable  levels  of  VEGF,  as  compared  with  Pari  transfected  clones  (Clone  13  and  Mix  L)  showing 
substantial  increase  in  VEGF165  levels  (  Fig.  30 1,  respectively).  Activation  of  PARI  either  by 
thrombin  or  TRAP  elicited  a  higher  level  of  VEGF  as  compared  with  non  transfected  Pari  and  a  house 
keeping  gene  -  p-actin  (Fig.  3011).  Maximal  induction  was  obtained  8  hrs  following  treatment  by  TRAP 
(Fig.  30b,  lane  G),  at  a  concentration  of  100  and  50  nM  which  was  reduced  markedly  thereafter  (Fig. 
24m,  lanes  B-F).  Similar  pattern  was  obtained  also  for  VEGF  145  but  not  for  VEGF  189  (slightly 
expressed  only  after  PARI  activation  for  8h)  as  detected  by  Northern  blot  analysis  (Fig.  3011).  In-fact, 
by  the  use  of  primers  designed  to  the  start  site  of  the  gene  (exon  1)  and  to  the  gene  end  point  ( exon  8), 
we  could  detect  by  RT-PCR  the  different  splice  forms  induced  by  Pari.  As  one  can  note.  Pari  induced 
markedly  VEGF  121,  VEGF  145  ,  VEGF  165,  very  little  of  VEGF  189  and  none  of  VEGF  206.  No  VEGF 
isoforms  were  detected  in  either  the  absence  of  Pari  (SB-2),  mock  transfectants  (SB-2  vector)  or  non 
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metastatic  cells  (MCF7)  (Fig.  30IV).  Activation  of  PARI  (TRAP,  8h)  increased  substantially  also  the 
level  of  VEGF  189,  similar  to  the  pattern  obtained  in  the  highly  metastatic  cells  (MDA  435).  Next,  we 
wondered  whether  the  induced  VEGF  mRNA  levels  by  Pari  gene  leads  to  a  functionally  active  VEGF 
protein.  For  this  purpose  we  have  collected  conditioned  medium  of  Pari  transfected  cells  either  prior  or 
following  PARI  activation,  as  well  as  mock  transfected  and  non  transfected  cells.  Endothelial  tube 
forming  assay,  embedded  in  a  3  dimensional  collagen  (type  I)  mesh  was  then  performed  and  the  extent 
of  tube  forming  network  was  evaluated  following  the  application  of  the  variably  treated  conditioned 
medium.  While  low  activity  of  vascular  branching  is  obtained  in  non  treated  control  conditioned 
medium  (Fig.  31 1 A-C)  a  more  complex  appearing  network  was  obtained  following  Pari  expressing 
cell  conditioned  medium  and  activated  PARI  conditioned  medium  ( Fig.  31 1,  D-F)).  Concomitantly, 
the  rate  of  bovine  aortic  endothelial  cell  (BAEC)  proliferation  was  found  maximal  in  Pari  transfected 
(Cl  13)  cells  activated  via  TRAP  (8  hours)  as  compared  to  highly  invasive  (MDA  435)  cell  conditioned 
medium  (Fig.  31  III).  When  neutralizing  anti  VEGF  antibodies  were  applied  during  the  proliferation 
assay,  a  significant  inhibition  was  obtained,  maximal  at  a  1:100  dilution  of  the  antibodies  showing 
reduced  inhibition  at  lower  concentrations.  These  data  clearly  point  out  the  fact  that  activated  PARI 
expressing  cells  exhibit  high  levels  of  functional  VEGF  that  when  specifically  inhibited  by  anti  VEGF 
antibodies,  the  proliferation  was  abolished  nearly  completely,  in  a  dose  dependent  manner  (Fig.  31  III). 

VEGF  induction  by  Pari  is  mediated  via  PKC,  PI3K  and  Src 

Addition  of  PMA  increased  VEGF  levels  in  Pari  expressing  cells  (C113),  maximally  obtained  at 
a  concentration  range  of  500ng/ml  - 100  ng/ml  (Fig.  321).  Calphostin  C,  a  potent  PK  C  inhibitor,  when 

applied  at  concentrations  of  500ng/ml  and  up,  potently  inhibited  this  induction  (Fig.  3211).  No  effect 

was  observed  when  Calphostin  C  at  a  lower  concentration  (5  ng/ml)  was  applied.  These  data  point  out 
the  involvement  of  PKC  in  a  the  Pari  induced  VEGF  levels.  In  parallel,  the  addition  of  Wortmannin,  a 
PI3K  inhibitor  resulted  with  the  effective  dose  dependent  inhibition  of  activated  PARI  induced  VEGF 
levels  (Fig.  32III).  The  involvement  of  Src  in  Pari  induced  VEGF  is  shown  by  the  application  of  PP-2, 
a  Src  potent  inhibitor.  When  PP-2  was  briefly  applied  to  the  cells  prior  to  PARI  activation  -  inhibition 
of  VEGF  induction  (Fig.  32IV )  was  obtained.  Altogether  these  data  point  to  the  central  roles  of  PKC, 
Src  and  PI3K  in  the  signaling  machinery  of  PARI  induced  VEGF  level. 
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Transfection  of  NIH  3T3  cells  by  the  oncogenes  v-Ha-Ras,  Y-Src  and  Vav 
induce  YEGF  splice  forms  but  not  by  vav  proto-oncogene  or  an  SH2- 
mutant  of  Vav. 

To  examine  the  effect  of  oncogene  transformation  in  NIH  3T3  cells  on  VEGF  expression, 
mRNA  was  assayed  in  the  transformed  and  control  cells  (Fig  331).  For  this  we  have  utilized  NIH3T3 
cells  transfeced  with  the  active  forms  of  either  ms  or  5m  oncogenes  as  compared  with  NIH3T3  mock 
transfectants.  NIH3T3  overexpressing  src  or  ms  oncogenes  exhibited  an  activated  state  of  signaling  in 
the  cells.  Likewise,  when  NIH3T3  cells  were  also  transfected  with  wild  type  (wt)  vav  (K62) 
protooncogene,  the  vav  oncogene  (K49)  and  a  mutant  introduced  in  the  SH2  region  of  the  vav  oncogene 
[i  e  a  mutants  carrying  either  a  substitution  of  tryptophan  622  to  arginine  (W622R;  K70-9)  and  a 
mutant  carrying  a  substitution  of  arginine  647  to  leucine  (R647L;  K70-12)].  Whereas  the  W622R  mutant 
exhibits  a  greatly  reduced  transforming  potential  as  compared  to  the  vav  oncogene,  R647L  mutant 
retained  the  transforming  potential  of  the  oncogene.  Interestingly,  although  all  the  vav  SH2  mutant 
proteins  were  constitutively  phospoiylated  on  tyrosine  they  fail  to  bind  to  tyrosine  phosphorated 
proteins  regardless  of  their  transforming  potential  (53).  As  shown  in  Fig.  33  (I&II),  a  marked  induction 
in  VEGF  expression  was  observed  in  the  Src  transfected  cells  as  also  in  the  Vav  oncogene.  A  slight 
induction  however  observed  in  the  Ras  transfected  cells  or  the  proto-oncogene  vav  (Fig.  33  wt  and  vav 
one,  respectively) ,  while  none  in  the  control  NIH3T3  cells  (Fig.  331)  or  the  SH2  mutant  (W622R;  K70- 
9)  of  Vav  (Fig.  33;  NIH3T3,  vavSH2;  respectively).  Low  VEGF  levels  was  obtained  in  the  SH2  mutant 
that  still  maintain  its  transforming  capability  (53)  (R647L;K-70-12,  data  not  shown).  These  results  are 
in  correlation  with  the  notion  that  cell  transformation  is  sufficient  to  induce  VEGF  level  of  expression. 
The  transformation  is  found  in  a  linear  association  with  the  activation  of  the  signaling  cascade  in  the 
cells,  since  a  mutant  version  of  vav  SH2  (W622R;  K70-9)  no  longer  allowed  cell  transformation  and 
abrogated  the  association  of  adaptor  proteins  in  the  cells.  By  performing  an  RT-PCR  assay  using 
primers  directed  to  exon  1  and  exon  8  of  VEGF  gene,  we  substantiated  the  data  regarding  the 
expression  of  various  VEGF  splice  forms.  As  shown  in  a  representative  experiment  (Fig.  33III),  while 
the  NIH  3T3  cells  do  not  express  VEGF,  src  transfected  NIH  3T3  exhibited  all  4  splice  forms, 
VEGF121,  145, 165,  very  little  189  but  not  VEGF  206.  The  VEGF  forms  obtained  by  src  transformed 
NIH3T3  were  compared  with  Pari  transfected  /  activated  cells  (TRAP  for  8h)  -  and  a  negative  control 

of  parental  SB-2  cells  (Fig.  33  III). 
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The  Involvement  of  PAR  Family  in  Malignant  Carcinoma  Progression:  Biopsy 

specimens 


Breast  carcinoma 

We  have  previously  demonstrated  that  PARI  plays  a  significant  role  in  breast  carcinoma 
metastasis  (1).  This  was  shown  by  a  direct  correlation  between  the  levels  of  PARI  expression  and  the 
invasion  properties  of  breast  carcinoma  both  in  vitro  in  a  collection  of  cell  lines  (Northern  and  Western 
blot  analyses)  and  in  vivo  in  biopsy  specimens  (in  situ  hybridization  analysis).  Our  data  (Nature 

Medicine ,  1),  performed  on  paraffin  embedded  sections  taken  from  patients  representing  abroad 

range  of  different  stages  of  the  disease  showed  the  following:  abundant  distribution  of  PARI  in 
sections  of  IDC,  confined  to  the  carcinoma  cells  of  the  primary  tumors,  representing  high  level  of 
metastasis  (Figure  3;  B,C).  Weaker  positive  staining  was  obtained  in  high  grade  DCIS  of  comedo  type 
(as  above  Figure  3;  E,F).  In  contrast,  very  little  or  no  staining  was  observed  in  low  grade  DCIS  of  the 
solid  type,  and  no  staining  in  AIDH  (as  above-Figure  3;  E,F)  and  in  the  normal  duct  lobular  units  (as 
above-Figure  3;  A,D).  Overall,  this  pattern  points  to  a  high  level  of  PARI  expression  in  IDC,  lower 
level  in  cases  of  DCIS,  in  particular  in  the  high  grade  of  the  comedo  type  of  lesions.  In  contrast,  weak  to 
no  PARI  expression  was  observed  in  low  grade  DCIS  of  the  solid  type.  Normal  tissues  obtained  from 
reduction  mammoplasty  specimens  did  not  exhibit  any  staining  of  PARI.  PARI  antisense  transfection 
showed  effective  inhibition  of  the  invasion  properties  of  highly  metastatic  breast  carcinoma  cells  (1). 
The  possible  association  of  other  PAR  family  members,  may  help  develop  an  individually  based  therapy 
program  according  to  the  specific  and  spatial  profile  obtained  for  each  patient.  In  situ  hybridization 
analysis  using  PAR3  riboprobes  on  paraffin  biopsy  specimens  of  sections  taken  from  patients 
representing  a  broad  range  of  different  stages  of  the  disease  showed  essentially  similar  data  as  reported 
for  PARI  (Fig.  5).  We  therefore  conclude  that  in  addition  to  PARI  also  PAR3  is  over  expressed  in  a 
direct  correlation  to  malignant  carcinoma  progression. 
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Team  Involved  inPARs  and  Breast  Carcinoma 
Invasion  and  Metastasis 


The  team  includes  Ph.D.  students,  an  experienced  laboratory  research 
assistant  as  well  as  professional  personnel  (among  of  which  are:  Oncologist, 
Gynecologist  and  Pathologist)  who  can  share  responsibilities  with  the  Pis. 

*  Bar-Shavit,  Rachel  Ph.D.  PI  /  Team  Leader 

■  Uziely,  Beatrice,  M.D.  /Oncologist 

-  Grisaru-Granovsky,  Sorina,  M.D.  /Gynecologist, 

Project:  Physiological  invasion  processes  of  placenta,  Ovary  varcinomas 

■  Galina  Pizov,  M.D.  /Pathologist 


Sharona  Cohen  Even-Ram  Ph.D.  student  (currently  a  PostDoc,  K.  Yammada,  NIH) 

Maoz  Miriam,  M.Sc.  /  Research  Assistant.  Involved  in  various  aspects  of  the 
project 

Yongjun  Yin  Ph.D.  student  -  project:  PARI  transgenic  mice,  Angiogenesis 

Salah,  Zaidoun  Ph.D.  student  -  project:  PARI  “TET  -  On”  inducible  system,  solid 
tumors  and  androgen  hormone  regulation  of  PARI 

Cohen  Irit,  Ph.D.  student  -  Characterization  of  PARI  in  breast  clones  :  truncated 
PARI,  full  length  PARI  and  antisense  PARI 
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Major  achievements  and  Concluding  Remarks 

Tasks  I  &  II:  Both  these  aims  in-fact  are  involved  and  used  invariably  throughout  our  research 
experimental  models,  among  of  which  are;  cell  transfectants  (inducible  tetracycline  regulated 
systems  or  transfected  cells  of  breast  and  melanomas  ;  either  full  length  PARI,  PARI  antisense  and 
truncated  forms).  Part  of  the  molecular  mechanism  of  PARI  in  tumor  invasion  and  metastasis  has 
been  illustrated  in  stable  PARI  transfectants  (see  Appendix  1).  Activation  of  PARI  leads  to  focal 
adhesion  contact  formation  and  integrin  signaling.  PARI  directly  cross-talks  with  integrin  <xv|35  and 
initiates  thereby  integrin  activation  in  a  manner  that  is  termed  “inside-  out”. 

-The  involvement  of  protease-activated  receptors  (PARs)  in  normal  and  pathological  human 
trophoblast  invasion  (see  first  annual  report-June  2001).  This  manuscript  focuses  on  establishing  a  role 
for  PARI  &  PAR3  in  the  physiological  and  pathological  malignancies  of  the  placenta. 

*  The  major  effort  during  the  recent  year  was  centered  around  preparing  hParl  transgenic  mice 
specifically  in  the  mammary  glands.  Transgenic  hParl  were  generated  showing  a  phenotype  of  ductal 
side  branching  and  increased  alveoli  proliferation.  We  have  established  transgenic  PARI  over  expressing 
mice  driven  by  LTR  -  MMTV  promotor  (directed  to  the  mammary  glands).  Genomic  DNA  analysis  of 
hParl  expression  levels  was  carried  out  to  detect  heterozygous  expressing  mice  (Southern  blot  and  PCR 
analysis).  U  till  now  (the  screen  still  continues)  ~12  homozygous  mice-found.  The  expression  of  hParl 
was  confined  to  the  mammary  glands  and  not  in  any  other  organs  tested.  These  heterozygous  mice 
exhibit  phenotype  of  high  side  branching  ducts  as  compared  to  age  matched  controls.  The  complexity  of 
the  side  branching  is  pronounced  especially  in  the  pregnant  mice  pointing  to  the  possible  involvement  of 
the  female  hormone  system  in  the  process.  These  glands  exhibit  hyperplastic  phenotype.  We  are 
currently  evaluating  our  homozygous  mice.  Major  conclusions:  The  hParl  transgenic  mice  mammary 
gland  hyperplasia  is  mediated  in  part  by  induction  of  wnt-4  in  ductal  side  branching.  High  proliferation 
levels  of  alveoli  as  determined  by  PCNA  staining.  hParl  induces  RANK  and  RANKL  levels.  The  TNF 
receptor  family  RANK  ( receptor  activator  of  NFkB)  is  activated  by  its  ligand  RANKL,  and  plays  an 
important  role  in  mammary  gland  alveoli  proliferation.  Whether  Pari  plays  a  role  in  the  developmental 
process  of  the  mammary  glands  is  being  currently  studied.  Manuscript  in  preparation. 

*  Oncogenic  transformation  induces  tumor  angiogenesis:  A  role  for  PARI  activation  (see 
Appendix  2).  This  task  was  carried  out  in  parallel  as  a  second  major  aspect  of  the  project.  We 
demonstrate  here  that  hParl  gene  expression  plays  a  central  role  in  the  induction  of  blood  vessel 
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recruitment  in  animal  models  in  vivo,  as  determined  by  the  “Tet-on”  Pari  inducible  prostate  system 
and  by  the  Matrigel  micropocket  assay.  Pari  induced  angiogenesis  is  mediated  via  the  increased 
expression  of  vascular  endothelial  growth  factor  splice  forms;  VEGF121,  VEGF145,  VEGF165  and 
VEGF189  or  but  not  VEGF  206.  Activation  of  PARI  induces  markedly  the  expression  levels  of 
functional  VEGFs  as  determined  by  Northern  blot  analysis,  endothelial  tube  alignment  in  a  3 
dimensional  collagen  gel,  as  well  as  bovine  aortic  endothelial  cell  proliferation  in  vitro.  Since 
neutralizing  anti  VEGF  antibodies  potently  inhibited  Pari  induced  endothelial  cell  proliferation,  we 
conclude  that  functional  VEGF  expression  and  secretion  is  at  least  partly  regulated  by  Pari.  The  Pari 
induced  VEGF  expression  is  inhibited  by  specific  PKC,  Src  and  PI3K  inhibitors  (i.e.,  Calphostin  C,  PP- 
2  and  Wortmanin,  respectively),  suggesting  the  participation  of  these  signaling  enzymes  in  the  process. 
In  parralel,  we  show  that  oncogenic  transformation  of  genes  shown  to  be  part  of  PARI  signaling 
machinery  -  is  sufficient  to  increase  VEGF  expression.  While  NIH3T3  cells  do  not  express  VEGF, 
transfection  of  the  cells  with  the  activated  forms  of  either  src  or  vav  results  in  a  marked  increase  in  the 
expression  of  VEGF.  On  the  other  hand,  only  a  slight  increase  in  VEGF  isoform  expression  is  observed 
when  the  cells  are  transfected  with  ras  and  the  non  -  transforming  proto-oncogene  vav  transfected  cells 
and  very  little  or  none  in  the  SH2  mutants  of  the  vav  oncogene  transfected  cells.  Manuscript  submitted. 

**  Interactions  of  syk,  a  tumor  suppressor  gene  in  breast  carcinoma  and  hParl  oncogene.  Analysis 
of  Syk  expression  levels  in  either  human  biopsy  specimens  or  a  panel  of  well  established  breast  cancer 
cell  lines  revealed  an  inverse  correlation  between  Syk  expression  levels  and  malignancy.  High 
expression  levels  are  detected  in  the  normal  mammary  gland  tissues  as  well  as  in  nearly  normal  and 
benign  cell  lines.  No  Syk  expression  was  detected  in  the  invasive  pathological  breast  tissue  specimens 
and  the  highly  metastatic  cell  lines.  Since  Syk  exerts  its  tumor  suppression  activity  only  in  vivo  in 
animals  or  in  three-dimensional  Matrigel  cultures,  but  not  on  a  plastic  2D  culture  dish,  it  is  likely  that 
the  signals  conveyed  by  the  extracellular  matrix  environment  are  critical  for  the  activation  of  Syk. 
During  our  studies  on  the  role  of  hParl  in  breast  carcinoma  invasion  and  metastasis  we  set-out  to 
analyze  the  interrelation  between  the  breast  invasive  phenotype  and  Syk;  more  specifically  the  mutual 
interactions  of  hParl  and  Syk.  Our  data  show  an  intriguing  biological  phenomenon  of  Syk  expressing 
malignant  breast  cells  following  activation  of  PARI.  We  have  addressed  the  signaling  molecular 
pathways  of  Syk  expressing  cells  versus  non  Syk  cells  following  PARI  activation.  By  the  use  of  GST- 
C-tail  PARI,  we  demonstrate  a  novel  association  between  Syk  and  PARI  c-tail.  This  was  demonstrated 
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by  a  set  of  experiments  of  Co-immunoprecipitations  ,  specific  competitions  in  the  presence  of  PARI  C- 
tail  and  purification  of  bound  Syk  on  GST-C-tail  PARI.  These  studies  are  likely  to  yield  intriguing 
data  regarding  breast  malignancy  its  suppression  by  a  specific  breast  tumor  suppressor  gene. 

*»*We  have  established  an  inducible  system  of  PARI  expression  in  prostate  cell  lines.  Upon 
injection  of  thee  cells  s.c.  to  rats  and  addition  of  Dox  to  their  drinking  water,  increased  tumor  mass 
and  reddish  tumors  are  obtained  as  compared  to  non-Dox  fed  rats  (see  F,g.  29).  Blood  vessel  counts 

showed  at  least  3  times  higher  levels  of  blood  vessels. 

The  expression  and  localization  of  PARI  and  PAR3  has  been  evaluated  in  a  collection  of  biopsy 
specimens  of  different  types  of  carcinomas  (such  as:  colon,  breast,  ovary,  prostate  and  melanoma). 

Reportable  outcome: 

-  A  manuscript  entitled:  Tumor  cell  invasion  is  promoted  by  activation  of  Protease  Activated 
Receptor-1  in  cooperation  with  the  av|35  integrin  (see  appendix  1,  JBC  ,  vol.  276,  pp.  10952-10962, 
2001).  This  paper  demonstrates  in  part,  the  molecular  basis  of  PARI  involvement  in  tumor  invasion 
and  metastasis.  While  the  observations  at  large  were  made  in  melanoma  non  metastatic  stable  PARI 
transfectants,  we  have  established  PARI  expressing  clones  in  breast  carcinomas  and  intend  to  explore  in 
depth  the  mechanism  in  these  cells.  We  are  likely  to  benefit  and  inspired  by  our  data  obtained  and  shown 
in  manuscripot  (appendix  1). 

-  A  manuscript  submitted  to  FASEB  J  entitled:  Oncogenic  transformation  induces  tumor 
angiogenesis:  A  role  for  PARI  activation  (see  Appendix  2).  We  demonstrate  here  that  Pari  gene 
expression  plays  a  central  role  in  the  induction  of  blood  vessel  recruitment  in  animal  models  in  vivo,  as 
determined  by  the  “Tet-on”  Pari  inducible  prostate  system  and  by  the  Matrigel  micropocket  assay. 
Pari  induced  angiogenesis  is  mediated  via  the  increased  expression  of  vascular  endothelial  growth 
factor  splice  forms;  VEGF121,  VEGF145,  VEGF165  and  VEGF189  or  but  not  VEGF  206.  We  have 
generated  hParl  overexpressing  mice  directly  expressed  in  the  mammary  glands. 


-  The  phenotype  of  hParl  transgenes  in  the  mammary  gland  and  its  mechanism  of  action  has  been 
addressed.  Manuscript  in  preparation. 
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-  The  pattern  of  Protease  Activated  Receptors  (PARs)  expression  during  early  trophoblast 
development .  Manuscript  submittet  to  J  pathology 

Human  fetal  development  depends  on  the  ability  of  the  embryo  to  gain  access  to  maternal 
circulation.  Thus,  specialized  stem  cells  of  the  newly  formed  placenta,  named  trophoblast  invade 
the  uterus  and  its  arterial  network  to  establish  an  efficient  feto-matemal  molecular  exchange.  To 
accomplish  this  task,  trophoblast  differentiation  during  the  first  trimester  of  pregnancy,  involves 
cell  proliferation,  invasion  and  extracellular  matrix  (ECM)  remodeling.  Trophoblast  invasion 
shares  many  features  with  tumor  cell  invasion,  with  the  distinction  that  it  is  strictly  spatially  and 
temporally  controlled.  We  have  previously  demonstrated  that  PARI,  the  first  member  of  the 
Protease  Activated  Receptor  (PAR)  family,  plays  a  central  role  in  tumor  cell  invasion.  Therefore, 
in  the  present  study  we  examined  the  pattern  of  expression  of  PARI  and  other  PAR  family 
candidates,  during  early  human  placental  development.  We  show  that  PARI  and  PAR3  were 
highly  and  spatially  expressed  between  7th  and  10th  weeks  of  gestation  but  not  at  12th  week  and 
thereafter.  Over-invasive  trophoblasts  may  appear  occasionally  and  cause  a  trophoblastic  disease 
known  as  Complete  Hydatidiform  Mole  (CHM).  Likewise,  high  expression  levels  of  PARI  and 
PAR3  were  observed  in  the  cytotrophoblasts  of  CHM  biopsy  specimens  as  compared  to  none  in 
the  normal  age-matched  placenta.  Together,  our  data  suggest  the  involvement  of  PARI  and  at  least 
PAR3  in  the  restricted  and  unrestricted  pathological  trophoblast  invasion  process. 
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In  conclusion: 

We  have  elucidated  in  part  the  molecular  basis  of  PARI  during  the  invasion  process  (JBC 
276, 10952-10962, 2001).  Appendix  1 

PARI  and  PAR3  play  a  role  in  physiological  invasion  process  ,  as  shown  in  placenta 
cytotrophoblast  during  the  Is'  trimester  of  pregnancy. 

PARI  antisense  effectively  inhibits  tumor  invasion  via  Matrigel  coated  filters.  Appendix  1, 

PARI  overexpression  induce  markedly  angiogenesis  in  animal  models  in  vivo:  ellucidation  of 
a  molecular  pathway.  Appendix  2 

hParl  transgenic  mice  have  been  established  directly  overexpressed  in  the  mammary  gland. 
These  glands  show  a  high  levels  of  ductal  and  alveoli  complexity.  The  molecular  mechanism 
is  currently  being  evaluated.  Manuscript  in  preparation. 


PARI  is  regulated  by  the  Androgen  hormones:  Identification  of  the  androgen  domain/s  in 
hParl  promoter. 

PARI  and  PAR3  are  overexpressed  in  a  collection  of  biopsy  specimens  in  a  direct 
correlation  with  the  aggressiveness  of  the  disease  (i.e.,  breast,  prostate,  ovary,  colon  and 
melanoma). 

Generation  of  monoclonal  antibodies  for  the  detection  of  the  released  PARI  N-terminal 
peptides  in  body  fluids. 
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Legends  to  Figures: 

Fig.  1:  PAR  family  :  4  gene  members 

Fig.  2:  Scheme  of  solid  tumor  development 

Fig.  3:  In  situ  hybridization  of  PARI  mRNA  in  normal  and  cancerous  breast  tissues  specimens. 

Riboprobes  probes  prepared  and  labeled  by  T7  RNA  polymrerase  (for  antisense  orientation)  or  T3  RNA 
polymerase  (for  sense  orientation  -  control),  using  DIG-UTP  for  labeling  mix.Top.  IDC  staining  by 
PARI  antisense  and  sense  control  (A,B;  respectively).  Middle.  DCIS  staining  by  PARI  antisense  and 
sense  control  (C,D;  respectively).  Bottom.  Hyperplasia  staining  by  PARI  antisense  and  sense  control 
(E,F;  respectively). 

Fig.  4:  PARI  expression  in  human  breast  carcinoma  cell  lines.  Total  RNA  isolated  from  human 
breast  carcinoma  cell-lines  were  analyzed  by  Northern  blotting.  These  are:  MDA-435  (lane  A),  MDA- 
231  (lane  B)  and  MCF-7,  as  well  as  Ha-ras-transfected  breast  carcinoma  cell  lines,  MCF10AT3B  (lane 

D) ,  MCF10AT  (lane  E)  and  MCF10A  (lane  F).  The  blots  were  probed  with  32P-labeled  250  base  pair 
DNA,  corresponding  to  PARI  (upper  part),  or  with  32P-labeled  0-actin  DNA  (lower  part). 

II.  Western  blot  analysis  of  ThR.  Western  blot  analysis  of  cell  lysates  (50  pg/lane)  of  MCF-7  (lane  A), 
MDA-231(lane  B)  and  MDA-435  cells.  Specific  protein  band  was  detected  following  incubation  with 
anti  ThR  antibodies  and  visualized  by  the  ECL  immunoblotting  detection  system  according  to  the 
manufacturer’s  instructions. 

III.  Inhibiton  of  MDA-435  Matrigel  invasion  by  PARI  antisense.  MDA-435  cells  were  transiently 
transfected  with  pCDNAIII  expression  plasmid  containing  the  antisense  PARI  including  part  of  the 
promoter  region  (i.e.  462  nucleotides).  The  level  of  invasion  was  compared  to  untreated  MDA-435  (lane 
A)  and  MCF-7  (lane  B)  cells.  Control  transfections  of  MDA-435  cells  were  performed  in  the  presence  of 
vector  alone  -  or  DOTAP  liposomes  alone  (Gibco  -BRL)  (lane  D).  Nearly  confluent  (60%)  cells  were 
treated  with  various  concentrations  of  the  plasmid:  transfection  with  antisense  PARI  -  5  pg/plate  (lane 

E) ,  transfection  with  antisense  PARI  -  20  pg/plate  (lane  F).  The  invasion  assay  was  performed  as 
described  under  Materials  and  Methods,  72  h  following  transfection. 

IV.  Western  blot  analysis  of  PARI  antisense  transfectants.  MDA-435  cell  lysates  (50  pg/lane)  of  PARI 
antisense  transfectants  (A)  were  applied  on  SDS-PAGE  and  the  level  of  receptor  protein  was  compared 
to  cells  transfected  with  vector  alone  (B)  or  untreated  cells. 


Fig.  5:  In  situ  hybridization  of  PAR3  in  breast  carcinoma  biopsy  specimens.  RNA  probes  were 
transcribed  and  labeled  by  T7  RNA  polymrerase  (for  antisense  orientation)  or  T3  RNA  polymerase  (for 
sense  orientation  -  control),  using  DIG-UTP  for  labeling  mix.  Top  panel.  IDC  (invasive  ductal 
carcinoma)  biopsy  sample  of  antisens  and  sense  orientation  of  PARI  ( left  &  right ,  respectively). 

DCIS  (ductal  carcinoma  in  situ)  antisense  and  sense  (as  above,  middle  panel)  and  hyperplasia  and 
normal  breast  tissue  ( left  &  right ,  respectively-  bottom  panel). 

Fig.  6  Transfection  by  PARI  DNA  confers  invasive  properties  on  non-metatastic  melanoma  cells. 

The  expression  of  PARI  and  cellular  invasive  properties  were  measured  in  SB-2  non-metatastic  human 
melanoma  cells,  in  A375  SM  highly  metatastic  human  melanoma  cells,  in  stable  PARI  transfectants 
clone  13  and  clone  mL,  and  in  SB-2  cells  transfected  by  mock  transfectants.  Stable  PARI  clones  were 
screened  for  PARI  expression  (a)  using  anti-PARl  thrombin  receptor  mAbs  on  a  Western  blot  of  50pg 
of  lysates  total  protein.  ( b )  The  invasive  capabilities  of  the  selected  clones  were  determined  by  the 
Matrigel  invasion  assay.  Cell  lines  marked  “activ.”  were  activated  by  1  unit/ml  thrombin  for  1  h  before 
being  used  in  the  invasion  assay.  The  data  presented  here  are  the  averages  of  data  from  at  least  three 
replicate  experiments. 


PI:  Bar-Shavit,  Rachel  Ph.D. 


35 


Fie.  7.  Effect  of  modulation  of  PARI  expression  on  invasiveness. 

a  A375SM  cells,  transiently  transfected  with  PARl-antisense-containing  vector  at  the  indicated 
concentrations,  were  tested  for  their  ability  to  invade  through  Matrigel-coated  filters.  The  data  are 

representative  of  at  least  three  replicate  experiments.  .  .  . 

b  Human  PARI  cDNA  was  used  to  transiently  transfect  mouse  B16F10  melanoma  cells.  Two  hundred 
thousand  cells  were  injected  into  the  lateral  tail  vein  of  C57BL  mice.  Mice  were  killed  14  days  later,  and 
the  lungs  were  dissected,  fixed,  and  stained  by  picric  acid  solution  .  A,  B16F10  cells;  B,  vector- 
transfected  B16F10  cells;  C,  B16F10  cells  transfected  with  0.5  mg/ml  PARI  plasmid;  D,  1  pg/ml  PARI 

plasmid;  and  E)  2  pg/ml  PARI  plasmid.  ^ma  dm  a  •  ,  *  , 

c  Level  of  PARI  in  B16F10  cells  following  transient  transfection  with  PARI  cDNA.  RNA  was  isolated 
from  the  cells.  RT-PCR  was  performed,  using  PARI  and  GAPDH  (control)  primers,  d,  PAR1- 
transfected  or  nontransfected  control  cells  were  injected  into  the  tail  vein  of  C57BL  mice,  and  lung 
metastases  were  counted  after  2  weeks.  The  numbers  indicate  mean  number  of  metastases  per  mouse. 


Fig  8  Altering  PARI  expression  affected  cell  adhesion  and  actin  fiber  re-organization.  Stable 
PARI  transfected  clones  and  PARI  antisense  selected  clones  were  analyzed  for  their  adhesive  properties 
to  fibronectin  (a,  c )  or  to  Thl  RGD  peptide  (b)  coated  substrates.  Cell  adhesion  was  measured  by 
Methylene  blue  staining  of  formaldehyde-fixated  cells.  The  eluted  stain  was  detected  by 
spectrophotometry  using  a  h=6 20  nm  filter.  The  cells  tested  (a,  b )  were  the  same  as  those  described  in 
Fig  6  In  addition,  we  show  that  in  highly  metastatic  human  melanoma  A375SM  cells  stably 
transfected  with  PARI  antisense  cDNA  (AS  clone  4  and  AS  clone  3)  reduced  adhesion  was  observed  (c) 
as  compared  to  A375SM  or  vector.  These  clones  exhibited  low  PARI  levels  as  shown  by  Northern  blot 
analysis  ( d)  of  RNA  samples  from  A375SM  (A),  A375SM  cells  transfected  with  vector  only  (B),  AS 
clone  3  (C)  and  AS  clone  4  (D).  The  data  presented  here  are  the  averages  of  data  from  at  least  three 
replicate  experiments.  L32  is  a  ribosomal  RNA  that  we  have  used  as  a  housekeeping  control  gene  for 
these  experiments,  (e)  SB-2  cells  and  PARI  transfectant  clonel3  were  subjected  to  actin  staining  by 
FITC-phalloidin  after  PARI  activation  by  TRAP.  Note  that  the  PARI  transfectants  exhibited  a  more 
rapid  change  in  actin  fiber  re-organization  and  cellular  morphology  than  did  the  naive  SB-2  cells. 


Fig.  9  Activation  of  PARI  induces  phosphorylation  of  FAK  and  paxillin  and  their  recruitment  to 

FACs,  (a)  The  tyrosine  phosphorylated  levels  of  immunoprecipitated  FAK  (upper  section)  and  paxillin 
(lower  section)  were  measured  by  anti-phosphotyrosine  mAb  (4G10,  UBI)  in  SB-2  naive  cells,  in 
A375SM  metastatic  cells,  and  in  the  stable  PARI  transfectant  clone  13.  Note  that  FAK  was  observed  to 
co-precipitate  with  paxillin  (lower  section).  ( b )  Immuno-fluorescent  staining  of  phosphotyrosine  in 
PARI  transfected  clone  13  was  performed  by  specific  incubations  with  mAbs  (4G10)  at  0, 15,  and  60 
min.  Detection  was  made  by  Cy3-labeled  goat  anti-mouse  IgG,  using  confocal  microscopy.  Following 
activation  by  lOOpM  TRAP,  thefocal  adhesion  contacts  (FACs)  were  observed  to  be  enriched  with 
phosphorylated  proteins  with  a  peak  at60  min.  (c)  Immuno-fluorescent  staining  with  anti-vinculin,  anti- 
FAK,  and  anti-paxillin  in  the  stable  PARI  transfectant  clone  13  activated  with  lOOpM  TRAP  for  1  h  or 
not  (NA).  When  the  cells  were  stained  with  anti-FAK  and  anti-paxillin,  distinct  FAC  staining  was 
observed  only  in  the  activated  cells.  When  the  cells  were  stained  with  anti-Vinculin,  FACs  were 
detectable  at  a  low  level  in  the  non-activated  (NA);  this  level  was  increased  following  receptor 
activation  by  TRAP. 

Fig.  10  PARI  activation  did  not  alter  the  levels  of  integrin  expression  but  did  induce  <xv(15 
recruitment  to  FACs,  (a)  Integrin  expression  levels  were  measured  by  flow-cytometry  in  SB-2  naive 
cells  and  in  PARI  clonel3,  each  activated  with  thrombin  at  a  concentration  of  1  unit/ml.  The  levels  of 
cx5pl  (A,  B),  cxv(35  (C,  D),  avp3  (E,  F)  and  the  integrin  av  chain  (G,  H)  were  detected  by  incubating  the 
cells  with  the  appropriate  specific  mAb,  followed  by  incubation  with  FITC-labeled  anti-mouse  IgG. 

Note  that  no  significant  changes  were  observed  in  the  levels  of  any  of  the  integrins  examined,  (b)  The 
distribution  of  integrins  was  detected  by  immuno-fluorescent  staining  (upper  panel).  Cy-3  red 
fluorescence  was  visualized  by  confocal  microscopy.  The  lower  panel  shows  the  same  cells  as  m  the 
upper  panel,  but  visualized  by  phase-contrast  microscopy.  Non-activated  (NA)  PARI  clone  13,  stained 
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by  anti-avp5  mAbs  revealed  a  diffused  pattern  (A).  After  activation  by  TRAP,  the  integrin  cx5pl  was 
detected  in  a  random  peri-nuclear  position  (B);  the  integrin  av|33  was  randomly  scattered  over  the  cell 
membrane  (C);  the  integrin  av(35  was  localized  to  distinct  “spikes”  of  focal  adhesion  contacts  (D). 

Fig.  11 .  Activation  of  full  length  PARI  but  not  of  truncated  PARI  lead  to  the  co-precipitation  of 
a\$5  with  paxillin  and  FAK  and  reduced  invasiveness  in  the  presence  of  anti-av05  antibodies. 

Co-precipitation  of  paxillin  with  av(35  (a)  or  with  av|33  (b)  was  measured  in  cells  lysates  of  naive  SB-2 
cells  (C)  and  of  a  stable  PARI  tramsfectant  clonel3  that  was  either  thrombin-activated  (A)  or  not  (B). 
(c)  Paxillin  and  FAK  were  immuno-precipitated  from  cell  lysates  of  SB-2  cells  that  had  been  thrombin 
activated  (A)  or  not  (B)  and  from  a  stable  PARI  transfectant  clone  13  that  was  either  thrombin-activated 
(C)  or  not  (D).  The  blotted  membrane  was  incubated  with  anti-  05  subunit  mAb.  id)  Non-invasive 
MCF7  cells,  naturally  expressing  very  low  levels  of  PARI,  were  transfected  with  cDNA  expression 
vectors  coding  either  for  PARI  or  for  truncated-PARl.  In  lysates  of  the  PARI  transfectants,  co¬ 
precipitation  of  FAK  and  paxillin  was  detected  after  PARI  activation  by  thrombin  (B)  but  not  without 
activation  (A).  In  lysates  of  truncated-PARl  transfectants,  no  co-precipitation  of  FAK  with  paxillin 
with  av^5  was  observed  regardless  of  whether  the  cells  were  thrombin  activated  (D)  or  not  (C). 
Tyrosine  phosphorylated  paxillin  co-precipitated  with  av(35  (lower  panel)  in  PARI -transfected  cells 
(A);  the  level  of  this  precipitation  increased  following  thrombin  activation  of  PARI  (B);  in  truncated- 
PARl  transfected  cells,  only  minor  levels  of  phosphorylated  paxillin  were  detected  with  (D)  or  without 
(C)  thrombin  activation.  ( e )  FACS  analysis  of  MCF7  cells  following  transfection  by  DNA  coding  for 
the  full  length  PARI  (A  and  C)  or  for  the  truncated-PARl  (B  and  D)  was  shown.  Their  levels  were 
compared  to  non-transfected  cells  (first  peak,  B  and  A).  This  is  true  also  when  PARI  or  truncated  PARI 
expression  was  measured  relative  to  empty  vector  transfected  cells  (first  peak,  C  and  D;  respectively). 

( f )  A375SM  cells  were  activated  with  1  unit/ml  thrombin  (B,  C,  D)  or  not  (A).  The  activated  cells  were 
then  treated  with  20  pg/ml  of  either  anti-av(35-blocking  mAbs  (C)  or  non-specific  IgG  (D).  The  treated 
cells  were  then  subjected  to  a  Matrigel  invasion  assay.  The  data  presented  here  are  the  averages  of  data 
from  at  least  three  replicate  experiments.  One  hundred  percent  invasion  by  the  metatastic  cells 
corresponded  to  48±3  invading  cells  as  compared  to  17±1.5  invading  cells  by  SB-2  non-metastatic  cells 
(data  not  shown). 

Figl2.  MMT V-hPARl  transgenic  construct.  Full  length  human  Pari  (1.4kb)  was  inserted  into  the 
multiple  cloning  site  between  Hindlll  and  EcoRI.  The  plasmid  was  digested  with  the  restriction 
endonucleases  Hgal  and  EcoRI  to  generate  the  DNA  fragment  for  injection. 

Fig  13a.  MMTV-hPARI  transgenic  lines.  Genomic  DNA  was  extracted  from  tails  of  the  founder 
mice,  (a)  Southern  blot  and  (b)  PCR  were  performed.  1:  positive  control;  2:  negative  control; 
3:transgenic  founder;  4:  non-transgenic  mouse,  (c)  Identification  of  homozygous  mice  with  Southern 
blot.  S]-S12:  all  F2  pups;  P,  and  P2:  positive  control;  N:  negative  control. 


Fig  13b.  RT-PCR  analysis  shows  the  expression  of  human  PARI  transgene  in  different  organs  of 
a  transgenic  mouse.  The  experiment  is  a  representative  of  at  least  5  mice  tested. 

1.  Mammary  2.  Ovary  3.  Brain  4.  Colon  5.  Heart  6.  Kidney  7.  Lung  8.  Spleen  9.  Salivary  10. 
Liver  11.  Positive  control. 

Fig.  14.  Whole  mounts  analysis  of  hParl +1-  transgenic  mice.  MMTV-LTR  driven  hParl 
overexpressed  in  the  mammary  gland  were  analyzed  by  whole  mounts.  Mammary  glands  of  5,8,  &10 
weeks  old  virgin  normal  mice  (A,C,E)  and  hParl+l-  mice  (B,C  &F).  Normal  pregnant  mice  of  4,  8  and 
12  days  (at  13  weeks  of  age)(G,I  &K)  as  compared  to  age  matched  hParl  (H,  J  &L). 

Fig.  15.  In  situ  hybridization  analysis  of  hParl+l-  transgenic  mammary  glands.  I.  hPARl 
expression  in  10  weeks  old  virgin  (A,  B;  antisense  and  sense  respectively),  pregnant  13  weeks/4day(C, 
D;  antisense  and  sense  respectively),  8days  pregnancy  (E,  F;  antisense  and  sense  respectively),  12  days 
pregnancy  (G,  H;  antisense  and  sense  respectively).  Magnification  of  X20.  II.  Low  power  magnification 
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(X5)  of  hPARl  in  hParl+/-  transgenic  mice  of  8d  pregnancy  (A,  B;  antisense  and  sense  respectively). 
Normal  age  matched  mice  (C,  D;  antisense  and  sense  respectively). 

Fig.16  RT-PCR  analysis  of  Wnts  and  hPar+l-  transgenic  mice.  Wnt-4  and  Wnt-7b  expression  in 
normal  control  mammary  glands  of  virgin  (A-C)and  pregnant  (D-F)  as  compared  to  hParl+l-  virgin  (G- 
I)  and  pregnant  (J-L).  Virgin  mice  at  age  of  5,  8  and  10  weeks  old.  Pregnant  mice  at  4,  8  and  12  days  of 
pregnancy.  Wnts  levels  were  compared  to  hPARl  expression  in  control  (A-F)  and  hParl+/-  transgenic 
mice  (G-L).  hPARl  and  Wnts  expression  were  compared  to  a  house  keeping  control  gne  levels  LI 9. 

Fig.  17  Wnt-4  expression  in  mammary  gland  of  normal  and  hParl+l-  transgenic  mice.  I. 

Immunohistochemistry  staining  of  Wnt-4  at  13  weeks  (A),  and  age  matched  hParl+/-  transgenic  mice 
(B).  Pregnant  mice  mammary  glands  (C-F)of  control  4&8  days  (C,  E)  as  compared  to  hParl +/- 
transgenic  mice  (D  and  F;  respectively).  II.  hPARl  expression  in  hParl+l-  transgenic  mice.  In  situ 
hybridization  analysis  of  antisense  Pari  riboprobe  in  mammary  gland  of  virgin  and  pregnant  mice.  13 
weeks  (A),  pregnat  4  days  (B)  and  8  days  (C). 


Fig.  18:  Expression  of  RANK  and  {3-casein  in  hParl *''  transgenic  mice.  Total  RNA  was  extracted 
from  the  wild  type  and  hParl*''  transgenic  mice  glands  in  different  development  stages;  RT-PCR 
analysis  of  {3-casein  and  RANK  was  performed.  {3-casein  level  of  expression  was  evaluated  at  hParl*' 
transgenic  mice  at  pregnancy  day  8  (n=4)  and  day  12  (n=6).  While  induced  levels  of  {3-casein  is 
observed  at  this  time  period,  in  hParl*1'  transgenic  mice  as  compared  to  wild  type  control  mice  (n=3&5, 
respectively),  no  difference  is  seen  there  after  [pregnancy  18d  (n=7&8)  and  one  day  of  lactation 
(n=9&10)].  The  difference  between  wild  type  and  hParl*'  transgenic  mice  is  hard  to  see  (n=7&8- 
pregnant  12d,  9&10-lactin  Id).  The  expression  of  {3-casein  was  sharply  reduced  both  in  the  wild  type 
(n=l  1)  and  the  hParl*1'  transgenic  mice  (n=12)  at  7d  lactation.  The  virgin  13  weeks  old  mice  (1-wild 
type  &  2  for  hParl*''  transgenic  mice)  also  no  expression  of  {3-casein  was  detected.  RANK  expression, 
in  the  hParl*''  transgenic  mice  is  observed  after  pregnancy  at  day  8  and  increased  till  one  day  after 
lactation  (n=4, 6,  8  &  10).  The  wild  type  mice  also  have  the  same  pattern  (n=3,  5, 7,  &  9)  but  the 
expression  is  lower  than  the  hParl*1'  transgenic  mice  are  at  a  simillar  stage. 

Fig.  19:  PCNA  immunostaining  in  mammay  gland  of  normal  and  hPARl*''  transgenic  a  mcie. 

High  expression  of  PCNA  is  seen  in  5-weeks-old  of  hPARl*'  transgenic  mice  as  compared  to  the 
normal  mice  (A  and  B,  respectively.  While  the  mammary  gland  proliferation  in  normal  mice  were 
reduced  in  10  and  13  weeks  (C  and  D,  respectively),  the  hPARl*r'  transgenic  mice  show  high  expression 
of  PCNA  at  a  similar  stage  (D  and  F,  respectively). 

Fig.  20:  Syk  pattern  of  expression  in  normal  mammary  gland  development.  I.  Whole  mounts 
analysis  of  mammary  glands  of  virgin  5W,  8W ,  10W  and  13W .  Syk  expression  and  localization  in  the 
pregnant  wild  type  mice  at  day  4,  8  and  14  days  of  pregnancy  (negative  control  of  14  days  pregnant 
mice). 

Figure  21:  Morphogenesis  of  MCF10A  acini  formed  in  3D  matrigel  cultures.  MCF10A  cells  form 
growth  arrested  polarized  acinar  structures  in  Matrigel.  Morphology  of  acinar  structures  formed  by 
MCF10A  cells  plated  in  Matrigel  for  12  days.  Phase  -  image  of  acini  structure  at  high  magnification  is 
shown.  Note  the  cell-cell  contacts  and  the  “hollow-like”  inner  circle  of  the  acini.  Acini  were  labeled 
with  DAPI,  showing  the  labeled  nuclei  within  the  acini.  Cell-cell  contact  within  the  spheroid  is  shown 
by  immunofluorescence  staining  of  E-cadherin  and  {3-catenin. 

Figure  22:  a.  Nearly  normal  acini  formation  in  3D  cultures,  versus  highly  invasive  cell  intrusion. 

Highly  organized  cell  structure  acini  of  MCF10A  cells  in  3D  Matrigel  culture.  MCF10A  cells,  infected  with 
the  active  V12Ras  oncogene  show  highly  disorganized  intrusion  phenotype  in  3D  Matrigel  culture.  Likewise, 
3TB  cells  exhibiting  high  PARI  levels  and  of  highly  metastatic  properties  show  an  invasive  phenotype  in  3D 
cultures.  These  cells  (3TB  cells)  when  transfected  with  the  dominant  negative  form  of  FAK,  FRNK; 
displayed  now  highly  organized  architecture  in  3D  Matrigel  cultures. 
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b.  Inhibited  phosphorylation  of  FAK  following  PARI  activation,  in  the  presence  of  FRNK.  Among 
the  inhibitory  properties  of  FRNK  is  the  reduced  FAK  phosphorylation  ,  observed  at  a  concentration  where 
FRNK  is  well  expressed  in  the  cells. 

c.  Expression  levels  of  FRNK  following  transfection  in  3TB  cells.  Dose  dependent  transfection  of  the 
pCDNA3  plasmid  of  FRNK,  showing  FRNK  expression  levels  following  Ha-tag  antibodies. 

Figure  23:  a.  Morphogenesis  of  nearly  normal  breast  epithelial  cells  containing  Syk  and  malignant 
cells  lacking  Syk. 

b.  Syk  expression  in  breast  non  metastatic  and  Pari  overexpressing  cells.  MCF-7  cells  transfected  with 
Pari  (A)  as  compared  to  empty  vector  transfected  MCF7  (B)  or  parental  MCF7  cells  (C).  Syk  expression  in 
V12  constitutively  activated  Ras  (D),  nearly  normal  fibrocystic  mammary  10a  cells  (E)  as  compared  with 
in-vivo  activated  Ras,  highly  invasive  cells-3TB(F). 

Figure  24:  Morphogenesis  of  Syk-3TB  versus  3TB  cells  in  3D  Matrigel  cultures.  Phase  contrast  images 
of  Syk-3TB  and  3TB  cells  in  3D  cultures.  While  3TB  cells  exhibit  an  invasive  phenotype  regardless  of 
PARI  activation,  Syk-3TB  cells  show  invasive  phenotype  prior  to  PARI  activation.  A  rounded  circular 
form  of  cells  are  observed  when  PARI  is  activated  in  Syk-3TB  cells,  in  a  dose  dependent  manner. 

Figure  25:  PARI  activation  induces  Syk  phosphorylation  in  Syk-3Tb  cells.  Kinetics  of  PARI  activation 
shows  induced  Syk  phosphorylation  following  15’  activation  upon  IP  with  Syk  and  WB  with  4G10  anti-p- 
Tyr  antibodies.  The  level  of  specific  phosphorylation  was  compared  to  Syk  levels. 

Figure  26:  a.  Activation  of  PARI  in  Syk-3TB  cells  inhibits  the  otherwise  induced  JNK 
phosphorylation  following  PARI  activation.  PARI  activation  induces  JNK  phosphorylation  within  15 
-30  min  activation  which  declines  immediately  thereafter.  Activation  of  PARI  however,  in  Syk-3TB  cells, 
conveyed  an  inhibitory  effect  on  JNK  phosphorylation  showing  a  marked  reduction  in  the  phosphorylation 
levels.  The  phosphorylated  levels  are  compared  with  a  house  keeping  gene  (3-actin. 

b.  cCbl  phosphorylation  is  obtained  in  Syk-3TB  cells  following  PARI  activation  but  not  in  3TB 
activated  cells.  Cbl,  an  immediate  substrate  of  Syk  is  activated  in  Syk-3TB  cells  following  PARI 
activation.  This  however,  is  not  the  case  in  3TB  cells  lacking  Syk,  showing  very  little  or  no  Cbl 
phosphorylation.  Levels  of  phosphorylation  are  compared  with  Cbl  protein  levels. 

Figure  27:  a.  Co-IP  of  Syk  and  PARI  in  various  epithelial  cells.  Immuno  complexes  prepared  by 
anti  PARI  and  were  blotted  with  anti  Syk  antibodies.  In  cells  containing  Syk  co-association  of  PARI  and 
Syk  is  observed,  b.  GST-C-tail  is  cleaved  -  off  the  GST  beads  and  used  for  specific  competition  during 
the  Co-IP  assay.  Inhibition  in  the  levels  of  Syk  is  observed  in  the  presence  of  C-tail  PARI  but  not  when  a 
non-relevant  peptide  is  used.  c.  Cell  lysates  prepared  and  applied  onto  GST-c-tail.  Specific  binding  of  Syk 
is  observed  in  Syk-3TB  cells  but  not  on  a  control  GST  beads  or  when  cells  lacking  Syk  were  used. 

Scheme:  PARl-c-tail  cloned  into  pGEX2T  vector.  PARI  -C-tail  GST  fusion  protein  separated  on 
SDS-gel  indicating  the  correct  size  of  the  C-tail  of  PARI. 

Figure  28:  Pari  induces  angiogenesis  in  vivo.  Matrigel  plugs  containing  Cl  13  (SB-2  cells  stably 
transfected  with  Pari )  or  non-transfected  SB-2  cells  were  injected  s.c.  into  the  peritoneal  cavity  of 
BALB/c  mice  in  a  bilateral  fashion.  Mice  were  divided  into  four  groups  dependent  on  the  nature  of  the 
injected  cells:  Group  A  (n=9)  untreated  SB-2  cells;  Group  B  (n=8)  SB-2  cells  treated  with  TRAP 
(lOOpM,  8  hours);  Group  C  (n=l  1)  untreated  Cl  13  cells;  and  Group  D  (n=12)  C113  cells  treated  with 
TRAP  (lOOpM,  8  hours).  I.  Matrigel  plugs  under  phase  microscopy.  10  days  after  in  vivo 
implantation,  Matrigel  plugs  were  removed  and  examined.  Matrigel  containing  SB-2  cells  remained 
pale  (A).  The  appearance  of  the  Matrigel  plugs  containing  SB-2  cells  pretreated  with  TRAP  was  not 
significantly  different  (B).  Matrigel  plugs  containing  Cl  13  cells  exhibited  a  reddish  color  (C),  which 
was  more  pronounced  in  Cl  13  cells  pretreated  with  TRAP  (D).  Magnification  5X.  II.  Histolgical 
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evaluation  of  Matrigel  plugs.  Serial  sections  were  prepared  from  Matrigel  plugs,  and  processed  with 
Mallory's  stain.  A.  Untreated  SB -2  cells  B.  SB-2  cells  pretreated  with  TRAP  C.  Untreated  Cl  13  cells 

D.  013  cells  pretreated  with  TRAP.  Magnification  X  20.  .  ,  . ,  .  . 

Ill  Quantification  of  capillary  vessels  in  Matrigel  plugs.  Six  separate  fields  of  each  Matrigel 
plug  stained  with  H&E  and  Mallory’s'  Stain  were  examined  under  phase  microscopy  and 
capillary  vessels  were  counted.  Data  shown  are  representative  of  at  least  3  independent  Matrigel 
plug  sets  of  experiments. 

Figure  29.  Inducible  Pari  expression  in  rat  prostatic  carcinoma  increases  tumor  mass  and 
angiogenesis.  I.  Differential  expression  of  Pari  in  the  Dunning  rat  prostate  carcinoma  cell  variants  was 
observed  by  RT-PCR  using  primers  specific  for  PARI.  Primers  for  L19  were  used  as  a  loading  control. 
II  Inducible  Pari  expression  in  a  rat  prostatic  carcinoma  cell  line  -  AT2.1.  AT2.1  cells  were  transfected 
with  a  plasmid  containing  the  human  Pari  coding  sequence  under  the  control  of  a  tet-inducible  promoter. 
Two  stably  transfected  clones,  AT2.1/Tet-On//zPar7  clones  4  and  1,  were  tested  for  the  lnducibility  ot 
human  Pari  expression  by  the  tetracycline  analog,  Dox  as  evaluated  by  Northern  blot  analysis.  III. 

AT2  IfTet-On/hParl  clone  4  cells  and  control  transfected  (vector  only)  cells  were  injected  into  rats  s.c. 
Animals  were  maintained  for  2  weeks  with  regular  drinking  water  or  drinking  water  supplemented  with 
Dox.  After  2  weeks,  the  tumors  were  excised  and  examined.  Tumors  shown  were  from  animals  injected 
with'  A.  control  transfected  cells;  B.  AT2. 1  /T et-On/ hParl,  clone4;  C.  AT2. 1  /Tet-OnlhParl  clone  4,  fed 
with  Dox  for  2  weeks.  VI.  Tumor  weight.  Data  shown  are  the  mean  at  least  3  independent  sets  of 

experiments. 


Figure  30:  Expression  of  VEGF  isoforms  by  stable  Pori -transfected  clones.  I.  Northern  blot 
analysis  of  VEGF  expression.  Total  RNA  was  prepared  from  SB-2  cells  (A),  SB-2  cells 
transfected  with  an  empty  expression  vector  (B),  and  two  clones  stably  expressing  PARI:  Cl  13  (C) 
and  MixL(D).  The  Northern  blot  was  hybridized  with  a  probe  specific  for  VEGF165-  The  bottom 
panel  shows  hybridization  to  the  housekeeping  gene  L32,  as  a  control  for  RNA  loading.  II.  Kinetics 
of  VEGF165  mRNA  induction  following  activation  of  PARI.  Cl  13  or  SB-2  cells  were  treated 
with  Thrombin  (lu/ml)  or  TRAP  (IOOjxM)  for  the  indicated  times  and  RNA  levels  were  analyzed  by 
Northern  blot.  III.  Dose  response  of  VEGF165  mRNA  induction  by  TRAP.  Cl  13  cells  were 
treated  with  the  indicated  doses  of  TRAP  for  8  hours.  RNA  was  analyzed  by  Northern  blot.  IV*  RT- 
PCR  for  the  detection  of  VEGF  splice  forms  in  Pari  transfected  cells.  RT-PCR  was  performed 
using  primers  directed  to  exons  1  and  8  to  detect  all  splice  forms.  Four  different  splice  forms  are 
detected  in  Cl  13  cells:  VEGF121,  VEGF145,  VEGF165,  and  VEGF189.  None,  or  very  little,  is  seen  in 
non-  transfected  (SB-2)  cells,  cells  transfected  with  empty  vector  (SB-2  Vector)  and  non-metastatic 
cells  (MCF7).  The  pattern  of  expression  of  Pari  splice  forms  in  TRAP-  or  thrombin-activated  Cl  13 
cells  is  similar  to  that  in  highly  metastatic  cells  (MDA435). 


Figure  31:  PARI  activity  induces  functional  VEGF.  I.  Conditioned  medium  from  C1I3  cells 
increases  the  complexity  of  cell  tube  formation.  Cultures  of  endothelial  cells  in  a  three-dimensional 
collagen  type  I  matrix  were  grown  with  conditioned  media  from:  A)  Non  metastatic  MCF7  cells 
transfected  with  an  empty  vector;  B)  Non  metastatic  MCF7  cells  /empty  vector  cells  treated  with 
thrombin;  C)  control,  non  metastatic  MCF7  cells;  D)  Pari  transfected  MCF7  cells;  E)  Pari  transfected 
MCF7  cells  treated  with  thrombin;  or  F)  highly  metastatic  MDA435  cells.  II. 


Conditioned  media  from  Pari  transfected  cells  induce  the  proliferation  of  BAEC.  BAEC  cells  were 
cultured  in  the  presence  of  conditioned  medium  from  the  indicated  cells.  Cultures  were  refed  with  fresh 
conditioned  medium  every  two  days.  At  each  indicated  time  point,  cells  were  removed  from  plates  with 
trypsin/EDTA  and  counted.  The  data  exhibit  a  typical  experiment  representing  triplicates.  III.  Anti- 
VEGF  antibodies  inhibit  the  effects  of  activated  PARI  cell  conditioned  medium  on  BAEC 
proliferation.  BAECs  were  cultured  in  the  presence  of  conditioned  medium  from  activated  Cl  13  cells 
(TRAP,  8  hours)  Anti-VEGF  antibodies  were  added  to  cultures  at  varying  concentrations  as  indicated 
and  were  present  for  the  entire  period  of  the  assay.  The  effects  of  conditioned  medium  from  control  SB- 
2  cells  and  the  highly  metastatic  MDA435  line  are  shown  for  comparison. 
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Fimire  32-  Induction  of  VEGF  by  PARI  is  mediated  by  PKC,  PI3K  and  Src. 

IDfwe  resnonscMrfVEGF  mRNA  induction  by  PMA.  Various  concentrations  of  PM  A  were  added  to 
cultures  of  CI13  cells  and  VEGF  mRNA  levels  were  determined  by  Noge™  Tapi. 

cal^hosthi 'treatment' ancf VEGF  mRNA  levels  w^re^etominwl  by^cnthen  blot.  III.  Wortmannin ,  a 
W3K°inhibitorm blocks^ PARI -induced  increases  in  VEGF  mRNA .  Inhbition  by  Wortmannin  is 
observed  f  luMSd  up  to  10  pM  (G)  but  not  at  0.1  pM  (E).  IV.  PP-2  an  inhibitor  of  Src  blocks 
PARl-induced  increases  inVEGF  mRNA.  Inhbition  of  VEGF  is  observed  at  10  \iM  (B),  1  \iM  (C) 
compared  to  Pari  transfected  cells  (A)  and  parental  non  transfected  cells  (G). 

Picture  33-  Expression  of  VEGF  mRNA  splice  forms  in  ras-,  src  -and  vav-transformed  NIH3T3 
cefis  l  Northern  blot  analysis  of  transformed  NIH  3T3.  NIH  3T3  cells  were  transfected  with 
activated  ras  or  src  oncogenes,  wild  type  (w.t.)  vav  proto-oncogene,  oncogenic  vav  or  an  SH2  mutant 
of  vav.  Total  RNA  was  isolated  and  15pg  were  analyzed  by  Northern  blotting  using  a  probe  for 
VFGF  II  Ouantitation  of  changes  in  VEGF  mRNA  levels  in  transformed  cells.  Photoimage 
wafused^ to ^qSe  VEGF165  mRNA  levels  from  Northern  blots.  VEGF165  mRNA  levels  were 
normalized  to  p-actin  mRNA  levels  to  control  for  loading  differences  Data  shown  are  representative  of 
3  independent  experiments.  III.  RT-PCR  analysis  of  VEGF  splice  forms.  A  representative  RT-PCR 
experiment  shows^levated  levels  of  VEGF121,  VEGF145,  VEGF165  and  VEGF189  splice  forms  in i  src- 
transformed  NIH3T3  cells.  Pari  transfected/activated  cells  (C113/TRAP/8h)  and  non-transfected  SB-2 
cells  are  included  as  positive  and  negative  controls. 
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and  sense  control  (C,D;  respectively).  Bottom.  Hyperplasia  pg/plate  (lane  F).  The  invasion  assay  was  performed  as  described  under  Materials  ana  metnous, 

staining  by  PARI  antisense  and  sense  control  (E,F;  72  h  following  transfection. 

respectively).  IV.  Western  blot  analysis  of  PARI  antisense  transfectants.  MDA-435  cell  lysates  (50  pg/lane)  of 

PARI  antisense  transfectants  (A)  were  applied  on  SDS-PAGE  and  the  level  of  receptor  protein 
was  compared  to  cells  transfected  with  vector  alone  (B)  or  untreated  cells. 


PAR3  Expression  in  Normal  and  Cancerous  Breast 


labeled  by  T7  RNA  polymrerase  (for  antisense  orientation)  or  T3  RNA  polymerase  (for  sense  orientation  -  control) , 
using  DIG-UTP  for  labeling  mix.  Top  panel.  IDC  (invasive  ductal  carcinoma)  biopsy  sample  of  antisens  and  sense 
orientation  of  PARI  ( left  &  right ,  respectively).  DCIS  (ductal  carcinoma  in  situ)  antisense  and  sense  (as  above, 
middle  panel)  and  hyperplasia  and  normal  breast  tissue  ( left  &  right ,  respectively-  bottom  panel). 


Fig.  7  PARI  activation  promotes  integrin  signaling  and  invasion 
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FAK,  and  anti-paxillin  in  the  stable  PARI  transfectant  clone  13  activated  with  lOOpM  TRAP  for  1  h  or 
not  (NA).  When  the  cells  were  stained  with  anti-FAK  and  anti-paxillin,  distinct  FAC  staining  was 
observed  only  in  the  activated  cells.  When  the  cells  were  stained  with  anti-Vinculin,  FACs  were 
detectable  at  a  low  level  in  the  non-activated  (NA);  this  level  was  increased  following  receptor  activation 
by  TRAP. 


FITC-labeled  anti-mouse  IgG.  Note  that  no  significant  changes  were  observed  in  the  levels  of  any  of  the  integrins  examined,  (b)  The  distribution  of  integrins 
was  detected  by  immuno-fluorescent  staining  (upper  panel).  Cy-3  red  fluorescence  was  visualized  by  confocal  microscopy.  The  lower  panel  shows  the  same 
cells  as  in  the  upper  panel,  but  visualized  by  phase-contrast  microscopy.  Non-activated  (NA)  PARI  clone  13,  stained  by  anti-avp5  mAbs  revealed  a  diffused 
pattern  (A).  After  activation  by  TRAP,  the  integrin  a5pl  was  detected  in  a  random  peri-nuclear  position  (B);  the  integrin  avp3  was  randomly  scattered  over  the 
cell  membrane  (C);  the  integrin  avp5  was  localized  to  distinct  “spikes”  of  focal  adhesion  contacts  (D). 


Fig.  11  PARI  activation  promotes  integrin  signaling  and  invasion 
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here  are  the  averages  of  data  from  at  least  three  replicate  experiments.  One  hundred 
percent  invasion  by  the  metatastic  cells  corresponded  to  48+3  invading  cells  as 
compared  to  17+1.5  invading  cells  by  SB-2  non-metastatic  cells  (data  not  shown). 
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Fig.  15  In  situ  hybridization  analysis  of  hParl+l'  transgenic  mammary  glands 
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Morphogenesis  of  MCF10A  in  3D  Matrigel  Cultures 
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Morphogenesis  assay  in  3D  Matrigel  cultures 


Morphogenesis  of  Syk-3TB  following  PARI  activation 
Fig.  24  3TB  (-) _  3TB  (+) _  Fig.  25 
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GST-PAR1  -C-tail  plasmid 


A-  GST  protein 

B-  GST-PAR1  C  tail  fusion  protein 


Co-IP  of  PARI  and  Syk  in  different  epithelial  cells 


C  -Thrombin  activation  +  60nM  of  C-tail  A_  q$t  protein 
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D  —  Non  relevant  peptide/  Syk-PARl  B-  GST-PAR1  C  tail  fusion  protein 
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The  first  prototype  of  the  protease  activated  receptor 
(PAR)  family,  the  thrombin  receptor  PARI,  plays  a  cen¬ 
tral  role  both  in  the  malignant  invasion  process  of 
breast  carcinoma  metastasis  and  in  the  physiological 
process  of  placental  implantation.  The  molecular  mech¬ 
anism  underlying  PARI  involvement  in  tumor  invasion 
and  metastasis,  however,  is  poorly  defined.  Here  we 
show  that  PARI  increases  the  invasive  properties  of 
tumor  cells  primarily  by  increased  adhesion  to  extracel¬ 
lular  matrix  components.  This  preferential  adhesion  is 
accompanied  by  the  cytoskeletal  reorganization  of  F- 
actin  toward  migration-favoring  morphology  as  de¬ 
tected  by  phalloidin  staining.  Activation  of  PARI  in¬ 
creased  the  phosphorylation  of  focal  adhesion  kinase 
and  paxillin,  and  the  induced  formation  of  focal  contact 
complexes.  PARI  activation  affected  integrin  cell-sur¬ 
face  distribution  without  altering  their  level  of  expres¬ 
sion.  The  specific  recruitment  of  avp5  to  focal  contact 
sites,  but  not  of  avp3  or  asp19  was  observed  by  immuno- 
fluorescent  microscopy.  PARI  overexpressing  cells 
showed  selective  reciprocal  co-precipitation  with  avp5 
and  paxillin  but  not  with  avP3  that  remained  evenly 
distributed  under  these  conditions.  This  co-immunopre- 
cipitation  failed  to  occur  in  cells  containing  the  trun¬ 
cated  form  of  PARI  that  lacked  the  entire  cytoplasmic 
portion  of  the  receptor.  Thus,  the  PARI  cytoplasmic  tail 
is  essential  for  conveying  the  cross-talk  and  recruiting 
the  avp5  integrin.  While  PARI  overexpressing  cells  were 
invasi  vein  vitro,  as  reflected  by  their  migration  through 
a  Matrigel  barrier,  invasion  was  further  enhanced  by 
ligand  activation  of  PARI.  Moreover,  the  application  of 
anti-av/35  antibodies  specifically  attenuated  this  PARI 
induced  invasion.  We  propose  that  the  activation  of 
PARI  may  lead  to  a  novel  cooperation  with  the  avp5 
integrin  that  supports  tumor  cell  invasion. 
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The  ability  of  tumor  cells  to  invade  beyond  controlled  hemo¬ 
static  boundaries  and  re-emerge  from  blood  vessels  to  establish 
new  metastatic  colonies  continuous  to  present  a  major  obstacle 
in  cancer  cure.  It  is  well  known  that  in  tumor  invasion  and 
metastasis,  the  pericellular  proteolytic  systems,  consisting  of 
proteases  and  their  specific  cell  surface  receptors,  are  tightly 
regulated  to  modulate  cellular  functions  and  degrade  selective 
matrix  barriers  (1,  2).  We  have  previously  demonstrated  that 
the  proteolytic  ally  activated  receptor  1  (PARI,1  thrombin  re¬ 
ceptor)  plays  a  central  role  in  the  malignant  and  physiological 
invasion  processes  of  both  breast  carcinoma  metastasis  and 
placental  implantation  (3).  At  the  molecular  level,  tumor  inva¬ 
sion  is  mediated  via  the  combined  interactions  of  the  host  cell 
signaling  machinery  and  the  regulation  of  the  stromal  extra¬ 
cellular  matrix  (ECM).  Extensive  proteolysis  in  the  tumor  mi¬ 
croenvironment  is  also  responsible  for  the  activation  of  several 
enzymatic  precursors,  like  plasminogen,  pro-matrix  metallo¬ 
proteinase,  and  prothrombin  (4-6).  In  addition,  the  extravas- 
cular  deposition  of  fibrin  within  the  tumor  microenvironment  is 
well  established  (7),  pointing  to  the  significant  role  of  the 
coagulation  proteins  in  tumor  progression.  Indeed,  the  tissue 
factor  (TF),  a  protease  receptor  that  plays  a  central  role  in 
hemostasis,  has  also  been  implicated  in  angiogenesis  and  tu¬ 
mor  cell  metastasis  by  means  of  intracellular  events  mediated 
by  its  cytoplasmic  tail  and  by  the  perivascular  extracellular 
proteolysis  (8-10).  These  features  are  shared  by  other  cellular 
receptors  involved  in  the  proteolytic  modification  of  the  tumor 
environment.  Among  these  is  the  receptor  for  the  serine  prote¬ 
ase  urokinase,  which,  when  bound  to  its  cell  surface  receptor 
(uPAR),  converts  plasminogen  to  plasmin;  plasmin,  in  turn,  is 
known  to  effectively  degrade  various  matrix  glycoproteins  (1, 
11).  It  has  been  shown  also  that  uPAR  serves  as  an  adhesion 
receptor  for  vitronectin  (12)  and  that  the  vitronectin  receptor 
not  only  supports  the  migration  of  tumor  cells  on  various 
matrix-proteins  but  also  binds  matrix  metalloproteinase-2, 
thus  presenting  an  immobilized  enzyme  with  improved  matrix- 
collagen  degradation  properties  at  the  invasive  front  (13).  Ad¬ 
ditional  cell  surface  protease  receptors  include  the  PAR  family, 
which  are  proteolytically  cleaved  G-coupled  receptors  of  seven 
transmembrane-spanning  domains.  Unlike  most  cellular 
growth  factor  receptors,  the  PAR  f  mPy  members  do  not  re¬ 
quire  the  traditional  ligand-recepto  iplex  formation  for  ac- 


1  The  abbreviations  used  are:  PAR,  protease  activated  receptor;  FAC, 
focal  adhesion  complex;  FAK,  focal  adhesion  kinase;  ECM,  extracellular 
matrix;  TRAP,  thrombin  receptor-activating  peptide;  AS,  antisense; 
FACS,  fluorescence-activated  cell  sorting;  DMEM,  Dulbecco’s  modified 
Eagle’s  medium;  FCS,  fetal  calf  serum;  FITC,  fluorescein  isothiocya¬ 
nate;  mAb,  monoclonal  antibodies;  BSA,  bovine  serum  albumin;  PBS, 
phosphate-buffered  saline;  TF,  tissue  factor;  uPA,  urokinase;  uPAR, 
urokinase  receptor. 
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tivation.  Instead,  they  are  activated  by  a  specific  cleavage 
within  their  extracellular  N-terminal  portion  to  unmask  a  new 
amino  acid  terminus,  which  serves  then  as  an  internal  ligand 
for  activation  (14-18).  Until  now,  four  members  of  the  PAR 
family  have  been  identified  and  of  these,  three  (PARI,  PAR3, 
and  PAR4)  have  been  established  collectively  as  “thrombin 
receptors,”  possibly  serving  as  a  redundant  receptor  system  for 
the  coagulation  protease  cellular  response  (14). 

Since  solid  tumors  are  in  close  contact  with  ECM  compo¬ 
nents,  malignant  cell  invasion  into  the  surrounding  tissues  is 
facilitated  by  mutual  interactions  that  convey  essential  signal¬ 
ing  cues  to  the  cells  (19,  20).  These  cell-ECM  interactions  are 
mediated  by  integrins,  a  family  of  adhesion  receptors  that 
mediate  the  attachment  of  the  cell  to  both  structural  and  ma¬ 
trix-immobilized  proteins  to  promote  cell  survival,  prolifera¬ 
tion,  and  migration  (21,  22).  It  is  widely  recognized  that  inte¬ 
grins  perform  a  significant  function  in  cellular  invasion  and 
metastasis  (23-26).  Non-ligated  integrins  are  generally  distrib¬ 
uted  diffusely  over  the  cell  surface  with  no  apparent  linkage  to 
the  actin  cytoskeleton.  However,  ECM-bound  integrins  fre¬ 
quently  cluster  into  specialized  structures  termed  focal  adhe¬ 
sion  complexes  (FACs),  thus  providing  a  convergence  site  for 
multiple  signaling  components  (26,  27)  and  also  physically 
linking  the  receptors  to  the  actin  filaments  (28-30).  The  known 
signaling  events  that  follow  receptor  clustering  include  tyro¬ 
sine  phosphorylation  of  proteins  like  focal  adhesion  kinase 
(FAK)  and  paxillin  (31),  as  well  as  the  recruitment  of  other 
FAC  components  like  vinculin,  talin,  tensin,  and  pl30  Cas 
(32-36).  A  growing  number  of  studies  indicate  that  signals 
driven  by  integrins  act  in  concert  with  signals  initiated  by  the 
G-protein-coupled  receptors  and  with  receptors  for  tyrosine 
kinase  to  promote  the  pathological  tumor  cell  invasion  process, 
on  the  one  hand,  and  physiological  activities  like  angiogenesis 
and  wound  healing  (37,  38)  on  the  other.  The  combined  signals 
involved  with  the  activation  of  focal  adhesion  proteins  indicate 
that  the  cooperation  between  the  signaling  pathway  takes 
place  most  likely  within  these  FAC  structures. 

In  the  present  work,  we  have  studied  the  molecular  mecha¬ 
nism  of  PARI  involvement  in  tumor  cell  invasion.  We  show 
here  that  PARI  modulates  the  invasive  phenotype  of  mela¬ 
noma  cell  lines,  inducing  the  otherwise  non-invasive  cells  to 
migrate  effectively  through  Matrigel  barriers.  This  process  is 
accompanied  by  the  increased  adherence  of  the  cells  to  various 
matrix  components,  actin  stress  fiber  formation,  and  adhesion- 
triggered  signaling,  with  no  alteration  of  the  cell  surface  inte¬ 
grin  levels.  We  demonstrate  now,  for  the  first  time,  that  PARI 
mediates  these  functions  via  selective  cross-talk  with  the  avp5 
integrin  to  confer  FAC  formation,  distinct  signaling  events,  and 
cytoskeletal  reorganization.  Combined,  these  processes  pro¬ 
mote  tumor  cell  invasion. 

EXPERIMENTAL  PROCEDURES 

Cells — SB-2  non-invasive  human  melanoma  and  A375-SM  “super- 
metastatic”  human  melanoma  cells  (kindly  provided  by  J.  Fidler  and  M. 
Bar-Eli,  Department  of  Cell  Biology,  University  of  Texas,  M.  D.  Ander¬ 
son  Cancer  Center,  Houston,  TX)  were  grown  in  10%  FCS-DMEM 
supplemented  with  50  units/ml  penicillin  and  streptomycin  (Life  Tech¬ 
nologies,  Inc.)  and  maintained  in  a  humidified  incubator  with  8%  C02 
at  37  °C.  The  PARI  stable  transfectants,  clone  13  and  clone  Mix  L,  were 
grown  under  the  same  conditions;  for  long  term  maintenance,  these 
were  supplemented  also  with  200  fig/ ml  G418  antibiotics.  MCF-7  cells 
were  maintained  as  previously  described  (3). 

Cell  Transfection — Cells  were  grown  to  30-40%  confluence  and  then 
transfected  with  0.5-2  p  g/ml  plasmid  DNA  in  Fugene  6  transfection 
reagent  (Roche  Molecular  Biochemicals)  according  to  the  manufactur¬ 
er’s  instructions.  After  10  days  of  selection,  stable,  transfected  clones 
were  established  in  medium  containing  400  pg/ml  G418.  Antibiotic- 
resistant  cell  colonies  were  transferred  to  separate  culture  dishes  and 
were  grown  in  200  pg/ml  G418  medium.  Forty-eight  hours  after  trans¬ 
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fection,  transiently  transfected  cells  were  collected  and  tested  by  im- 
munoprecipitation  analyses  (see  below). 

Preparation  of  Truncated  PARI — Using  polymerase  chain  reaction, 
we  constructed  a  PAR-1  mutant  protein  truncated  in  its  cytoplasmic  tail 
after  the  amino  acid  Leu-369.  As  a  template,  we  used  PAR-1  cDNA 
in  the  pCDNA  3  vector.  For  amplification,  we  used  a  T7  sense  primer 
and  the  reverse  primer  GGTCTAGAAAACTATAGGGGGTCGATG- 
CACGAGCT  containing  a  STOP  codon  and  an  Xbal  site.  The  amplified 
DNA  fragment  was  subcloned  using  the  polymerase  chain  reaction- 
blunt  technique  (Invitrogen)  and  confirmed  by  DNA  sequencing.  The 
insert  was  released  from  the  vector  by  Xbal  digestion  and  cloned  into 
plasmid  pCDNA3.  To  confirm  the  functional  integrity  of  the  DNA  con¬ 
structs,  wild  type  and  mutant  cDNAs  were  transiently  expressed  in  293 
cells  that  were  subsequently  stained  with  a  PAR- 1-specific  antibody 
(WEDE15,  Immunotech,  Cedex,  France). 

Western  Blot  Analysis — Cells  were  solubilized  in  lysis  buffer  contain¬ 
ing  10  mM  Tris-HCl,  pH  7.4,  150  mM  NaCl,  1  mM  EDTA,  1%  Triton 
X-100,  and  protease  inhibitors  (5  fig/ ml  aprotinin,  1  p.M  phenylmethyl- 
sulfonyl  fluoride,  and  10  pg/ml  leupeptin)  at  4  °C  for  30  min.  The  cell 
lysates  were  subjected  to  centrifugation  at  10,000  X  g  at  4  °C  for  20 
min.  The  supernatants  were  saved  and  their  protein  contents  were 
measured;  50  /xg  of  the  lysates  were  loaded  onto  10%  SDS-polyacryl- 
amide  gels.  After  the  proteins  were  separated,  they  were  transferred  to 
an  Immobilon-P  membrane  (Millipore).  Membranes  were  blocked  and 
probed  with  1  fig! ml  amounts  of  the  appropriate  antibodies  as  follows: 
anti-PARl  thrombin  receptor  mAb,  clone  II  aR-A  (Biodesign  Int.);  anti- 
paxillin  monoclonal  antibody  (mAb),  clone  349  (Transduction  Labora¬ 
tories,  Lexington  KY);  anti -human  focal  adhesion  kinase,  rabbit  poly¬ 
clonal  IgG  (Upstate  Biotechnology  Inc.,  Lake  Placid,  NY);  anti- 
phosphotyrosine  mAb,  clone  4G10  (Upstate  Biotechnology  Inc.);  anti- 
vinculin  mAb  (Transduction  Laboratories).  The  antibodies  were 
suspended  in  1%  BSA  in  10  mM  Tris-HCl,  pH  7.5,  100  mM  NaCl,  and 
0.5%  Tween  20.  After  washes  with  10  mM  Tris-HCl,  pH  7.5,  100  mM 
NaCl,  and  0.5%  Tween  20,  the  blots  were  incubated  with  secondary 
antibodies  conjugated  to  horseradish-peroxidase.  Immunoreactive 
bands  were  detected  by  the  enhanced  chemiluminescence  (ECL)  rea¬ 
gent  using  Luminol  and  p-cumaric  acid  (Sigma). 

Immunoprecipitation — Cells  were  treated  for  30-60  min  with  throm¬ 
bin  at  a  concentration  of  1  NIH  unit/ml  of  serum-free  DMEM  medium 
(0.5%  BSA),  and  then  lysed  as  described  above.  We  used  400  /xg  of  total 
protein  for  immunoprecipitation  of  av/33,  aj 85,  paxillin,  FAK,  or  both 
paxillin  and  FAK.  All  the  antibodies  were  used  at  a  concentration  of  10 
/xg/ ml.  After  overnight  incubation,  Protein  A-Sepharose  beads  (Amer- 
sham  Pharmacia  Biotech)  were  added  to  the  suspension  (50  /xl)  that  was 
subsequently  rotated  at  4  °C  for  1  h.  Elution  of  the  reactive  proteins  was 
made  by  re-suspending  the  beads  in  protein  2x  sample  buffer  (63  mM 
Tris-HCl,  pH  6.8,  20%  glycerol,  20%  SDS,  0.01%  bromphenol  blue,  5% 
0-mercaptoethanol,  0.02  M  dithiothreitol)  and  boiling  for  5  min.  The 
supernatant  was  loaded  on  a  10%  SDS-polyacrylamide  gel  followed  by 
the  same  procedure  as  in  Western  blotting. 

Matrigel  Invasion  Assay — We  used  blind-well  chemotaxis  chambers 
with  13-mm  diameter  filters.  Polyvinylpyrrolidone-free  polycarbonate 
filters  with  8-/xm  pores  (Costar  Scientific  Co.,  Cambridge,  MA)  were 
coated  with  basement  membrane  Matrigel  (25  /xg/filter)  as  described 
previously  (39).  Briefly,  the  Matrigel  was  diluted  to  the  desired  final 
concentration  with  cold  distilled  water,  applied  to  the  filters,  dried 
under  a  hood,  and  reconstituted  with  serum-free  medium.  In  the  upper 
compartment  of  the  Boyden  chamber,  we  placed  2-3  x  10 5  cells  sus¬ 
pended  in  DMEM  containing  0.1%;  bovine  serum  albumin.  As  a  chemo¬ 
attractant,  into  the  lower  compartment  of  the  Boyden  chamber,  we  put 
3T3  fibroblast  conditioned  medium.  Assays  were  carried  out  in  5%  C02 
at  37  °C.  After  2  h  of  incubation,  we  observed  that  more  than  90%  of  the 
cells  were  attached  to  the  filter.  At  this  time,  the  cells  on  the  upper 
surface  of  the  filter  were  removed  by  wiping  with  a  cotton  swab.  The 
filters  were  fixed  in  DifQuick  system  (American  Scientific  Products) 
and  stained  with  hematoxylin  and  eosin.  Cells  from  various  areas  of  the 
lower  surface  were  counted.  Each  assay  was  performed  in  triplicate.  For 
chemotaxis  studies  (a  control  of  Matrigel  invasion),  the  filters  were 
coated  with  collagen  type  IV  alone  (5  mg/filter)  to  promote  cell  adhesion. 
Cells  were  added  to  the  upper  chamber  and  conditioned  medium  to  the 
lower  compartment. 

Adhesion  Assay — The  medium  of  cells  grown  in  10%  FCS  was  re¬ 
placed  by  DMEM  with  0.5%  BSA,  and  the  cells  were  detached  from 
the  plate  by  treating  with  0.05%  trypsin  in  a  solution  of  0.02%  EDTA  in 
0.01  m  sodium  phosphate,  pH  7.4  (Biological  Industries,  Beit  Ha’emek, 
Israel).  After  washing,  0.5  x  106  cells/ml  cells  were  re-suspended  in  a 
serum-free  DMEM  medium  (as  above)  and  laid  on  13-mm  culture  dishes 
pre-coated  with  either  100  /xg/ml  fibronectin  or  Th-1,  a  thrombin-de- 
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rived  RGD  (arginine-glycine-aspartic  acid)  peptide.  After  a  45-min  in¬ 
cubation  period  to  allow  cell  adhesion,  the  excess  cells  were  washed 
away.  The  adhered  cells  were  fixed  to  the  plates  with  4%  formaldehyde 
in  PBS,  pH  7.4,  for  at  least  2  h.  After  fixation,  the  plates  were  washed 
in  1%  boric  acid  solution  and  the  cells  were  stained  with  1%  methylene 
blue  reagent  (Sigma)  in  1%  boric  acid  for  30  min.  After  extensive 
washing  with  tap  water,  the  methylene  stain  was  eluted  by  the  addition 
of  500  pi  of  1  M  HC1.  The  intensity  of  the  color  staining  was  measured 
by  color  spectrometry  at  a  wavelength  of  620  nm. 

Immunofluorescence — Cells  were  plated  on  glass  coverslips  in  16-mm 
culture  dishes;  after  the  cells  had  grown  to  subconfluence,  they  were 
washed  with  PBS,  permeabilized  in  0.5%  Triton  X-100-containing  3.5% 
paraformaldehyde/PBS  solution  on  ice  for  2  min,  and  finally  fixed  with 
3.5%  paraformaldehyde/PBS  for  20  min.  Reactions  with  the  appropriate 
antibodies  were  performed  in  room  temperature  for  60  min,  after  which 
the  cells  were  washed  extensively  in  PBS.  The  antibodies  included  the 
following:  anti-a^g  mAb  clone  LM609,  anti-c^,j35  clone  P1F6,  and  anti- 
a5(S1  clone  JBS5,  (all  from  Chemicon  Int.).  After  the  60-min  incubation 
with  the  primary  antibodies,  followed  by  extensive  washes  in  PBS,  an 
additional  60-min  incubation  was  carried  out  in  the  dark  with  second¬ 
ary  antibodies,  goat-anti-rabbit  or  goat-anti-mouse  IgG  each  conjugated 
with  Cy-3  (Jackson  Immunoresearch  Laboratories)  diluted  1:700.  La¬ 
beling  of  filamentous  actin  by  1  p  g/ml  FITC-conjugated  phalloidin 
(Sigma)  was  performed  similarly.  The  labeled  cells  were  visualized  and 
photographed  by  fluorescent  confocal  microscopy  (MRC-1024  confocal 
imaging  system,  Bio-Rad). 

Flow  Cytometry  Analysis — The  medium  of  cells  grown  in  10%  FCS- 
DMEM  was  replaced  by  serum-free  DMEM  containing  0.5%  BSA. 
Thrombin  at  a  concentration  of  1  IU/ml  was  added  to  the  plates  that 
were  activated  by  incubation  for  60  min.  The  plates  were  washed  with 
PBS,  and  the  cells  were  detached  from  the  plates  by  treatment  with 
0.05%  trypsin  in  a  solution  of  0.02%  EDTA  in  0.1  m  sodium  phosphate 
at  pH  7.4  (Biological  Industries).  After  being  washed  twice  in  PBS,  the 
cells  were  re-suspended  in  200  pi  of  PBS  and  the  appropriate  antibodies 
were  added  to  a  concentration  of  10  pg/ ml.  These  reactions,  performed 
at  room  temperature  for  60  min,  were  followed  by  extensive  washing  in 
PBS.  A  1-h  incubation  with  a  secondary  antibody  goat-anti-mouse  IgG 
(Jackson  Immunoresearch  Laboratories)  conjugated  with  FITC  and 
diluted  1:500  was  carried  out  in  the  dark.  The  treated  cells  were  washed 
extensively,  re-suspended  in  100  pi  of  PBS,  and  analyzed  by  FACS. 

RESULTS 

Altering  the  Expression  of  PARI  Affected  Tumor  Cell  Inva¬ 
siveness — In  previous  work  (3),  we  showed  that  there  is  a  direct 
correlation  between  PARI  expression  and  the  metastatic  po¬ 
tential  of  primary  tumor  biopsies  and  tumor  cell  lines,  as  re¬ 
flected  by  their  in  vitro  potential  to  invade  through  a  Matrigel 
barrier.2  In  a  physiological  invading  model  system  of  placenta 
trophoblast  implantation,  we  have  also  shown  that  PARI  is 
part  of  the  invasive  program  of  trophoblast,  as  evaluated  by 
their  villi  extension  and  matrix  metalloproteinase  synthesis.3 
Here,  to  clarify  how  high  levels  of  PARI  may  confer  invasive¬ 
ness,  we  transfected  a  non-invasive  melanoma  cell  line  (SB-2 
cells)  with  PARI  cDNA  and  compared  the  properties  of  the 
transfected  cells  to  those  of  the  highly  invasive  melanoma  cell 
line  A375SM.  We  used  PARI  cDNA  under  the  control  of  the 
cytomegalovirus  viral  promoter  in  the  pCDNA3  expression  vec¬ 
tor.  We  selected  several  stable  clones  that  expressed  high  levels 
of  PARI,  as  evaluated  by  Western  blot  analysis  (Fig.  la)  and 
Northern  blot  analysis  (data  not  shown).  The  selected  clones 
were  then  tested  for  their  ability  to  invade  through  Matrigel- 
coated  filters.  Indeed,  clones  expressing  high  levels  of  PARI 
had  an  increased  ability  to  invade  the  Matrigel  layer,  as  com¬ 
pared  with  control  clones  transfected  with  empty  vectors  or 
SB-2  cells  that  had  not  been  transfected  at  all  (Fig.  16).  In 
addition,  we  observed  that,  whereas  highly  invasive  A375SM 
cells  invaded  Matrigel  coated  membranes  more  efficiently  than 


2  E.  Pokroy,  B.  Uziely,  S.  Even-Ram  Cohen,  M.  Maoz,  I.  Cohen,  S. 

Ochayon,  R.  Reich,  J.  Pe’er,  O.  Drize,  M.  Lotem,  and  R.  Bar-Shavit, 
submitted  for  publication.  : 

3  S.  Even-Ram  Cohen,  S.  Grisaru-Granovsky,  M.  Maoz,  S.  Zaidoun, 
Y.-J.  Yin,  and  R.  Bar-Shavit,  submitted  for  publication. 


did  non-metastatic  cells  (Fig.  16,  SB-2),  activating  the  A375SM 
cells  with  PARI  increased  their  ability  to  invade  Matrigel  to  an 
even  higher  level  (Fig.  16,  activ.  A375SM).  In  addition,  the 
invasiveness  of  PARl-transfected  cells  was  further  increased 
when  they  were  either  activated  by  thrombin,  as  shown  in  two 
separate  PARl-transfected  clones  (Fig.  16,  clones  13  and  Mix 
L),  or  when  they  were  treated  with  the  thrombin-receptor¬ 
activating  peptide  (TRAP)  that  corresponds  to  PARI  internal 
ligand  SFFLRN  (data  not  shown). 

Circulating  tumor  cells  can  invade  into  a  new  metatastic  site 
only  if  they  can  adhere  to  the  basement  membrane.  We  ana¬ 
lyzed  the  adhesion  properties  of  cells  suspended  in  a  serum- 
free  medium  and  then  incubated  for  60  min  on  plates  coated 
with  either  fibronectin,  a  major  component  of  the  ECM,  or  with 
Th-1,  an  11-amino  acid  peptide,  corresponding  to  the  thrombin 
RGD  motif  (40).  Highly  invasive  A3 75  SM  melanoma  cells 
adhered  strongly  to  both  Th-1  and  fibronectin;  however,  under 
the  same  conditions,  the  non-invasive  SB-2  cells  failed  to  ad¬ 
here.  We  observed  a  marked  increase  in  the  adherence  to  both 
of  these  matrices  of  PARl-transfected  SB-2  cells  (Fig.  2,  a  and 
6).  The  level  of  adherence  of  these  PARI  transfect  ants  was 
directly  correlated  both  with  their  level  of  PARI  expression  and 
with  their  ability  to  invade  the  Matrigel  barrier.  To  assure  that 
this  increase  in  their  adherence  was  actually  caused  by  the 
presence  of  PARI,  we  asked  if  reducing  the  expression  of  PARI 
in  malignant  cells  would  reduce  the  adhesion  properties  of 
these  cells.  To  do  this,  we  evaluated  the  effect  of  transfection  by 
PARI  antisense  DNA  on  the  adhesion  properties  of  the  inva¬ 
sive  A375SM  cells.  We  used  a  462-base  pair  oligonucleotide 
fragment  corresponding  to  the  5'  region  of  PARI  that  included 
part  of  the  near  promoter  sequence  and  the  coding  region  for 
the  internal  ligand.  We  cloned  this  DNA  segment  into  pCDNA3 
mammalian  expression  vector  in  an  antisense  orientation,  se¬ 
lecting  for  stable  clones  expressing  the  plasmid  bearing  the 
PARI  antisense  DNA  as  compared  with  cells  transfected  by 
empty  vectors  or  non-transfected  control  cells.  Northern  blot 
analysis  (Fig.  2d)  indicated  that,  whereas  empty  vector  trans¬ 
fection  (Fig.  2d ,  B)  had  no  significant  effect  on  PARI  expression 
(Fig.  2d,  A),  clones  AS  -3  (Fig.  2d,  C)  and  AS-4  (Fig.  2d,  D), 
which  were  transfected  by  the  PARI  antisense  DNA,  did  ex¬ 
hibit  reduced  PARI  expression.  When  we  analyzed  clones  AS-3 
and  AS-4  for  their  adhesion  properties,  we  found  that  the  cell 
adherence  properties  to  fibronectin  (Fig.  2c)  and  to  Th-1  (data 
not  shown)  of  both  of  these  clones  were  significantly  lower  than 
those  of  the  A3 7 5  SM  parental  cells. 

The  organization  of  the  cyto skeleton  is  critically  influenced 
by  adhesion  interactions.  To  explore  the  effect  of  PARI  activa¬ 
tion  on  cytoskeletal  reorganization,  we  plated  PARl-trans¬ 
fected  cells  (clone  13)  and  control  non-transfected  cells  (SB-2 
cells)  on  glass  coverslips  and  then  treated  them  with  TRAP  for 
various  periods  of  time  (Fig.  2e).  After  activation  by  TRAP,  the 
cells  were  permeabilized,  fixed,  and  stained  with  FITC-labeled 
phalloidin  to  detect  filamentous  actin  (F-actin).  Cytoskeletal 
reorganization  was  observed  as  early  as  15  min  after  activation 
by  TRAP  (Fig.  2e).  Thirty  to  60  min  after  PARI  activation,  we 
observed  a  transition  in  the  PARI  transfectants  from  elongated 
spindle-like  shapes  to  spreading,  jellyfish-like  structures. 
Ninety  minutes  to  2  h  after  activation,  the  cells  became 
rounder  and  we  observed  the  appearance  of  a  ringlike  bundle  of 
actin  filaments  at  the  base  of  the  cells  (typical  of  migrating 
cells).  These  changes  occurred  more  rapidly  and  were  more 
dramatic  in  PAR  1-overexpressing  cells  than  they  did  in  the 
non-transfected  control  cells.  Altogether,  these  data  show  that 
the  adhesive  properties  of  tumor  cells  were  affected  by  changes 
in  PARI  expression. 

PARI  Activation  Induced  Signaling  and  Led  to  Establish- 
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Fig.  1.  Transfection  by  PARI  DNA 
confers  invasive  properties  on  non- 
metatastic  melanoma  cells.  The  ex¬ 
pression  of  PARI  and  cellular  invasive 
properties  were  measured  in  SB-2  non- 
metatastic  human  melanoma  cells,  in 
A375  SM  highly  metatastic  human  mela¬ 
noma  cells,  in  stable  PARI  transfectants 
clone  13  and  clone  Mix  L,  and  in  mock- 
transfectant  SB -2  cells  transfected  by 
empty  vectors.  Stable  PARI  clones  were 
screened  for  PARI  expression  (a)  using 
anti-PARl  thrombin  receptor  mAbs  on  a 
Western  blot  of  50  /xg  of  lysates  total  pro¬ 
tein.  b,  the  invasive  capabilities  of  the 
selected  clones  were  determined  by  the 
Matrigel  invasion  assay.  Cell  lines 
marked  “ activ  ”  were  activated  by  1 
unit/ml  thrombin  for  1  h  before  being 
used  in  the  invasion  assay.  The  data  pre¬ 
sented  here  are  the  averages  of  data  from 
at  least  three  replicate  experiments. 


b 


Matrigel  invasion 


ment  of  Focal  Contacts — Integrin  activation  typically  leads  to 
the  assembly  of  focal  adhesion  contacts;  this  takes  place  by 
phosphorylation  on  tyrosine  leading  to  the  recruitment  of  var¬ 
ious  signaling  and  structural  molecules.  FAK  and  paxillin  are 
the  most  common  signaling  components  of  FAC  that  are  phos- 
phorylated  upon  integrin  activation.  To  analyze  the  phospho¬ 
rylation  levels  of  FAK  and  paxillin  in  PARl-transfected  cells, 
we  immunoprecipitated  these  proteins  from  cell  lysates  of  ei¬ 
ther  thrombin-activated  or  non-activated  control  cells.  The  im¬ 
munoprecipitated  proteins  were  blotted  onto  a  nylon  mem¬ 


brane  and  probed  with  anti-phosphotyrosine  mAb  to  detect 
their  phosphorylation  levels.  FAK  and  paxillin  proteins  from 
parental,  non-invasive  SB-2  cells  exhibited  low  levels  of  phos¬ 
phorylation  (Fig.  3a).  On  the  other  hand,  FAK  and  paxillin 
from  PARI  transfectant  cells  exhibited  increased  phosphoryl¬ 
ation  to  high  levels  similar  to  those  observed  in  the  metastatic 
line  A3 75  SM  (Fig.  3a).  By  immunofluorescent  analysis  using 
anti-phosphotyrosine  mAb  followed  by  a  Cy-3  fluorescence- 
labeled  secondary  antibody,  we  detected  FAC  formation  as  soon 
as  15  min  following  PARI  activation,  reaching  a  maximum 
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Fig.  2.  Altering  PARI  expression  affected  cell  adhesion  and  actin  fiber  re-organization.  Stable  PARI -transfected  clones  and  PARI 
antisense  selected  clones  were  analyzed  for  their  adhesive  properties  to  substrates  coated  with  fibronectin  (a  and  c)  or  Th-1  RGD  peptide  (6).  Cell 
adhesion  was  measured  by  Methylene  blue  staining  of  formaldehyde-fixated  cells.  The  eluted  stain  was  detected  by  spectrophotometry  using  a  A  - 
620  nm  filter.  The  cells  tested  (a  and  b )  were  the  same  as  those  described  in  Fig.  1.  In  addition,  we  show  that  in  highly  metastatic  human  melanoma 
A375SM  cells  stably  transfected  by  PARI  antisense  cDNA  (AS  clone  4  and  AS  clone  3),  reduced  adhesion  was  observed  (c)  as  compared  with 
A375SM  cells  that  were  not  transfected  or  that  were  transfected  by  an  empty  vector.  These  clones  exhibited  low  PARI  levels  as  shown  by  Northern 
blot  analysis  ( d )  of  RNA  samples  from  A375SM  (A),  A375SM  cells  transfected  with  vector  only  ( B ),  AS  clone  3  (C),  and  AS  clone  4  (D).  The  data 
presented  here  are  the  averages  of  data  from  at  least  three  replicate  experiments.  L32  is  a  ribosomal  RNA  that  we  have  used  as  a  housekeeping 
control  gene  for  these  experiments,  e,  SB-2  cells  and  PARI  transfectant  clonel3  were  subjected  to  actin  staining  by  FITC-phalloidin  after  PARI 
activation  by  TRAP.  Note  that  the  PARI  transfectants  exhibited  a  more  rapid  change  in  actin  fiber  re-organization  and  cellular  morphology  than 
did  the  naive  SB-2  cells. 
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Fig.  3.  Activation  of  PARl-induced 
phosphorylation  of  FAK  and  paxillin 
and  their  recruitment  to  FACs,  a,  the 

tyrosine-phosphorylated  levels  of  immu- 
noprecipitated  FAK  ( upper  section )  and 
paxillin  ( lower  section)  were  measured  by 
anti-phosphotyrosine  mAb  (4G10,  UBI)  in 
SB -2  naive  cells,  in  A375SM  metastatic 
cells,  and  in  the  stable  PARI  transfectant 
clone  13.  Note  that  FAK  was  observed  to 
co-precipitate  with  paxillin  {lower  sec¬ 
tion).  b ,  immunofluorescent  staining  of 
phosphotyrosine  in  PARl-transfected 
clone  13  was  performed  by  specific  incu¬ 
bations  with  mAbs  (4G10)  at  0,  15,  and  60 
min.  Detection  was  made  by  Cy3-labeled 
goat  anti-mouse  IgG,  using  confocal  mi¬ 
croscopy.  Following  activation  by  100  fiM 
TRAP,  the  FACs  were  observed  to  be  en¬ 
riched  with  phosphorylated  proteins  with 
a  peak  at  60  min.  c,  immunofluorescent 
staining  with  anti-vinculin,  anti-FAK, 
and  anti-paxillin  in  the  stable  PARI 
transfectant  clone  13  activated  with  100 
fji m  TRAP  for  1  h  or  not  ( NA ).  When  the 
cells  were  stained  with  anti-FAK  and  an¬ 
ti-paxillin,  distinct  FAC  staining  was  ob¬ 
served  only  in  the  activated  cells.  When 
the  cells  were  stained  with  anti-vinculin, 
FACs  were  detectable  at  a  low  level  in  the 
non-activated  (NA);  this  level  was  in¬ 
creased  following  receptor  activation  by 
TRAP. 
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after  60  min  (Fig.  36).  Together,  these  data  demonstrate  that, 
following  activation,  overexpressed  PARI  is  capable  of  initiat¬ 
ing  high  levels  of  integrin  signaling. 

We  characterized  FAC  assembly  by  immunofluorescent 
staining,  using  mAb  anti-vinculin,  anti-paxillin,  and  FAK  poly¬ 
clonal  antibodies.  Following  activation,  we  observed  some  FAC 
formation  in  all  of  the  cell  types  that  we  examined;  however, 
the  complexes  in  the  activated  PARI  transfectants  were  far 
more  distinct  and  larger  than  those  that  we  observed  in  non- 
activated  cells  (Fig.  3c),  in  cells  that  had  been  transfected  by 
empty  vectors,  or  in  cells  that  had  not  been  transfected  (data 
not  shown).  In  the  activated  PARI  clones,  vinculin  staining  of 
FACs  was  intense;  however,  we  also  observed  clear,  although 
less  intense,  vinculin  staining  of  FACs  in  activated  non-trans- 
fected  and  mock-transfected  cells.  This  may  be  explained  by  the 
fact  that,  rather  than  having  a  signaling  function,  vinculin 
functions  mainly  as  a  structural  protein,  and  it  has  been  re¬ 
ported  to  play  a  role  in  the  maintenance  of  the  FAC  and 
adherence  junctions  (41).  It  has  also  been  reported  that  both 
vinculin  and  talin  are  phosphorylated  even  under  basal  condi¬ 
tions  (42). 

The  avj35  Integrin  Is  Specifically  Recruited  to  FACs  in  Re¬ 
sponse  to  PARI  Activation  without  Alteration  of  the  Cell-surface 
Integrin  Level — Having  established  that  signaling  was  induced 


by  PARI  ligand  activation,  that  also  led  to  establishment  of 
focal  contacts,  we  asked  whether  altering  the  adhesive  pheno¬ 
type  would  be  accompanied  by  de  novo  integrin  expression. 
Here  we  used  flow  cytometry  analysis  carried  out  with  a  bat¬ 
tery  of  anti-integrin  antibodies  directed  against  the  avj33,  or Rplf 
and  «v05  integrins.  Following  activation,  we  observed  no  sig¬ 
nificant  differences  between  the  cell-surface  integrin  profiles  of 
the  PARI  transfectants  and  of  the  parental  cells  (Fig.  4a). 
Nevertheless,  the  fact  that  PARI  activation  did  not  alter  inte¬ 
grin  expression  does  not  exclude  the  possibility  of  affinity  mod¬ 
ulation  of  the  integrins  in  an  inside-out  manner. 

We  then  asked  which  of  these  integrins  would  respond  to 
PARI  by  participating  in  the  induction  of  the  cytoskeleton 
signaling  events.  We  examined  the  cell  surface  integrins  by 
immunofluorescent  visualization  before  and  after  PARI  activa¬ 
tion.  Although  and  av03  (Fig.  46,  B  and  C)  are  distributed 
diffusely  over  the  cell  surface  both  before  and  after  PARI 
activation,  after  PARI  activation  we  found  that  aj 3r,  was  local¬ 
ized  to  distinct  sites  of  FACs  (Fig.  46,  D ).  However,  we  only 
detected  av/35  within  the  focal  contacts  in  the  activated  PAR1- 
overexpressing  cells  (Fig.  46,  E)  but  not  in  the  PARl-trans¬ 
fected  cells  prior  to  PARI  activation  cells  (Fig.  46,  A),  nor  in  the 
mock  transfectants  or  in  the  parental  non-transfected  cells 
(data  not  shown).  Based  on  our  results,  we  hypothesized  that 
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Fig.  4.  PARI  activation  did  not  alter  the  levels  of  integrin  expression  but  did  induce  av/3,-  recruitment  to  FACs,  a,  integrin  expression 
levels  were  measured  by  flow  cytometry  in  SB-2  naive  cells  and  in  PARI  clone  13,  each  activated  with  thrombin  at  a  concentration  of  1  unit/ml.  The 
levels  of  a5p±  (A  and  B),  awp5  (C  and  D),  avfi3  (E  and  F),  and  the  integrin  av  chain  (G  and  H)  were  detected  by  incubating  the  cells  with  the 
appropriate  specific  mAb,  followed  by  incubation  with  FITC-labeled  anti-mouse  IgG.  The  white  peaks  correspond  to  the  expression  levels  of  control 
secondary  isotype-specific  mouse  IgG  antibodies.  Note  that  no  significant  changes  were  observed  in  the  levels  of  any  of  the  integrins  examined,  b , 
the  distribution  of  integrins  was  detected  by  immunofluorescent  staining  ( upper  panel).  Cy-3  red  fluorescence  was  visualized  by  confocal 
microscopy.  The  lower  panel  shows  the  same  cells  as  in  the  upper  panel ,  but  visualized  by  phase-contrast  microscopy.  Non-activated  (NA)  PARI 
clone  13,  stained  by  anti-o^  mAbs  revealed  a  diffused  pattern  (A).  After  activation  by  TRAP,  the  integrin  a5px  was  detected  in  a  random 
perinuclear  position  ( B );  the  integrin  awp3  was  randomly  scattered  over  the  cell  membrane  (C);  the  integrin  avfi5  was  localized  to  distinct  “spikes” 
of  focal  adhesion  contacts  ( D ). 
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the  av05  integrin  would  respond  to  signals  conveyed  by  the 
activated  PARI.  It  seemed  that  avp5  was  specifically  recruited 
to  the  focal  adhesion  contacts,  where  it  played  a  major  role  in 
the  reorganization  of  the  cytoskeleton.  Our  hypothesis  was 
confirmed  by  the  results  of  the  following  reciprocal  co-precipi¬ 
tation  experiments.  We  analyzed  the  co-precipitation  of  paxil- 
lin  with  either  av/35  or  with  avj 33  in  cell  lysates  of  naive  SB-2 
cells  and  of  the  stable  PARI  transfectant  clone  13  that  was 
either  thrombin-activated  or  not.  The  blotted  membranes  were 
incubated  with  the  mAh  of  the  anti-)35  subunit.  As  we  expected, 
in  the  parental  cells,  we  found  only  basal  levels  of  paxillin 
precipitation  with  either  of  the  two  integrins  (Fig.  5,  a  and  b). 
In  the  PARI  clone  13,  we  found  that  paxillin  co-precipitated 
with  av03  at  a  low  level,  and  that  level  was  not  increased 
significantly  by  thrombin  activation  of  PARI  (Fig.  56).  How¬ 
ever,  in  PARI  clone  13,  we  did  find  a  high  level  of  co-precipi¬ 
tation  of  avp5  with  paxillin,  and  that  level  was  significantly 
increased  by  thrombin  activation  of  PARI.  We  also  analyzed 
co-immunoprecipitation  of  paxillin  and  FAK  from  cell  lysates  of 
SB-2  cells  and  from  the  stable  PARI  transfectant  clone  13,  both 
of  which  were  thrombin-activated  or  not.  Again,  the  blotted 
membranes  were  incubated  with  the  mAh  of  anti-j35  subunit. 
As  we  expected,  there  was  no  co-immunoprecipitation  in  the 
parental  cells,  whether  or  not  they  were  activated;  however, 
there  was  a  significant  level  of  co-precipitation  of  )35  subunit  in 
the  PARI  clone  13,  that  was  greatly  increased  upon  activation 
by  thrombin  (Fig.  5c).  When,  instead  of  anti-av/35,  we  used 
anti-av/33  to  probe  the  same  blot,  we  found  no  evidence  of  the  j33 
subunit  (data  not  shown).  These  results  indicate  that  av)35  and 
the  typical  signaling  molecules,  paxillin  and  FAK,  were  tightly 
associated  and  thus  co-precipitated.  We  found  that  this  kind  of 
association  was  likely  to  occur  within  focal  adhesions  rather 
than  in  other  cellular  compartments,  as  demonstrated  by  the 
induced  assembly  and  signaling  of  FACs.  Furthermore,  this 
association  appeared  to  be  labile  and  seemed  to  occur  in  re¬ 
sponse  to  PARI  activation,  indicating  that  the  av)35  integrin 
was  present  within  newly  assembled  FACs.  Our  data  do  not 
exclude  the  possibility  that  avp3  is  present  on  the  cell  surface. 
Our  data  do  suggest,  however,  that  the  av/33  integrin  probably 
does  not  cooperate  with  PARl-specific  signaling  to  induce  the 
cellular  responses  described  here. 

To  substantiate  the  cooperative  cross-talk  and  the  recruit¬ 
ment  of  avjS5  following  PARI  activation,  we  used  a  truncated 
form  of  PARI,  consisting  of  the  extracellular  and  seven  trans¬ 
membrane  domains  but  lacking  the  entire  cytoplasmic  portion 
of  the  receptor,  and  compared  its  function  to  the  intact  recep¬ 
tor.  We  carried  out  these  experiments  in  MCF7  cells,  which  are 
non-invasive  cells  that  naturally  express  very  low  levels  of 
PARI.  These  parental  cells  were  transiently  transfected  with 
cDNA  coding  for  either  the  intact  PARI  or  truncated  PARI; 
48  h  after  transfection,  the  transient  transfectants  were  either 
activated  or  not  and  then  subjected  to  immunoprecipitation 
analysis  as  described  above.  In  lysates  of  the  MCF7  PARI 
transient  transfectants,  we  detected  high  levels  of  co-precipi¬ 
tation  of  FAK,  paxillin,  and  av05  after  PARI  activation  by 
thrombin  but  not  without  activation.  In  lysates  of  truncated 
PARI  transfectants,  we  observed  no  co-precipitation  of  FAK 
with  paxillin,  and  av/35  regardless  of  whether  the  cells  were 
thrombin  activated  or  not  (Fig.  5 d,  upper  panel).  In  the  PARI 
transfectants,  tyrosine  phosphorylated  paxillin  co-precipitated 
with  av05  and  the  level  of  this  precipitation  increased  following 
thrombin  activation  of  PARI;  in  truncated  PARl-transfected 
cells,  we  detected  only  minor  levels  of  phosphorylated  paxillin 
with  or  without  thrombin  activation  (Fig.  5d,  lower  panel).  As 
seen  by  the  results  of  the  flow  cytometry  (FACS)  analysis  (Fig. 
5e),  the  failure  to  immunoprecipitate  YAK  by  anti-av/35  in 


PARl-truncated  transfectants  did  not  result  from  the  inability 
to  express  properly  on  the  cell  surface.  Transfectants  of  either 
PARI  (Fig.  5e,  A)  or  truncated  PARI  (Fig.  5c,  B)  showed  cell 
surface  expression  of  the  truncated  receptor  protein  as  deter¬ 
mined  by  flow  cytometry  (FACS)  analysis  (Fig.  5e).  Using  anti- 
PAR1  WEDE15  mAbs,  we  found  similar  levels  of  expression  in 
both  the  PARI  (Fig.  5 e,  A,  second  peak)  and  the  truncated 
PARI  (Fig.  5e,  B,  second  peak)  transfectants,  relative  to  the 
expression  levels  in  naive  cells  (Fig.  5e,  A  and  B,  first  peaks). 
We  obtained  similar  results  when  we  compared  the  levels  of 
expression  of  the  transfectants  (Fig.  5e,  C  and  D ,  second  peaks) 
to  those  of  empty  vector- transfected  cells  (Fig.  5e,  C  and  D ,  first 
peaks).  The  results  of  these  experiments  strongly  support  the 
notion  that  following  activation  the  PARI  cytoplasmic  tail  re¬ 
cruits  and  activates  the  avf 35  integrin.  That  the  PARI  molecule 
participates  in  other  signaling  activities  is  supported  by  our 
finding  that,  although  She  was  phosphorylated  in  the  presence 
of  the  full-length  activated  PARI,  this  was  not  the  case  in  the 
presence  of  the  activated  truncated  PARI  (data  not  shown).  We 
conclude  that,  although,  like  the  full-length  PARI,  the  trun¬ 
cated  PARI  is  expressed  and  assembled  on  the  cell  surface, 
unlike  the  full-length  PARI,  the  truncated  PARI  is  incapable 
of  carrying  out  PARI  signaling.  To  ascertain  that  in  fact  the 
avfi5  integrin  may  cooperate  with  PARI  during  tumor  invasion, 
we  asked  whether  neutralizing  the  activity  of  the  av/35  integrin 
would  affect  the  invasive  properties  of  the  highly  invasive  A375 
SM  cells.  A375  SM  cells  were  activated  or  not  with  1  unit/ml 
thrombin;  the  activated  cells  were  then  either  not  treated  at  all 
or  treated  with  anti-av)35-blocking  mAbs  antibodies  (clone 
P1F6)  or  with  nonspecific  IgG.  The  cells  were  then  subjected  to 
a  Matrigel  invasion  assay.  As  one  can  see,  PARI  activation 
further  induced  the  invasive  properties  of  the  cells  by  60% 
while  the  addition  of  anti-nvj35  antibodies  attenuated  this  in¬ 
duction;  the  addition  of  a  non-related  IgG  led  to  no  significant 
effect  (Fig.  5f). 

DISCUSSION 

In  this  study,  we  have  shown  that  changes  in  the  expression 
of  PARI  in  a  cell  affect  its  invasive  capabilities.  These  changes 
come  about  through  the  specific  recruitment  of  the  av( %  inte¬ 
grin,  through  cytoskeletal  reorganization,  and  through  distinct 
signaling  at  FACs.  The  fact  that  PARI  alters  the  invasive 
properties  of  tumor  cells  reinforces  our  initial  observations  that 
PARI  expression  correlates  with  the  invasive  potential  of  both 
the  malignant  invasion  processes  of  breast  carcinoma  (3)  and 
the  physiological  invasion  processes  of  placenta  trophoblast 
implantation  (3)3  emphasizing  the  central  role  of  PARI  during 
invasion.  The  on-going  process  of  invasion  by  cells  is  charac¬ 
terized  by  extensive  proteolytic  remodeling,  in  part  by  serine 
proteases,  of  the  tumor  microenvironment  (1,  2).  Serine  pro¬ 
teases  also  serve  as  ligands  for  several  cell-surface  receptors, 
among  which  is  uPAR,  which,  through  binding  uPA,  efficiently 
converts  plasminogen  to  plasmin  (11).  TF  is  another  protease 
cell  surface  receptor  that  binds  factor  VII,  thereby  initiating 
the  coagulation  pathway  during  perivascular  hemostasis  (43). 
It  is  interesting  that,  in  addition  to  their  involvement  in  hemo¬ 
stasis,  these  receptors  are  also  implicated  as  central  players  in 
tumor  progression  and  metastasis  (8-10).  The  extracellular 
proteolytic  activation  of  factor  VII  by  TF  is  also  responsible  for 
the  generation  of  thrombin  from  circulating  plasma  prothrom¬ 
bin  (44,  45).  In  fact,  thrombin  production  is  probably  the  direct 
result  of  disseminated  overactivation  of  the  coagulation  sys¬ 
tem,  a  widely  described  pathology  among  cancer  patients  (46). 
The  abundant  localization  of  either  soluble  or  immobilized 
thrombin  in  the  vicinity  of  the  tumor  milieu  enables  the  exces¬ 
sive  activation  of  PARI  and  the  subsequent  cellular  response 
during  invasion.  In  fact,  although  the  repertoire  of  signaling 
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Fig.  5.  Activation  of  full-length  PARI  but  not  of  truncated  PARI  led  to  the  co-precipitation  of  uvJ85  with  paxillin  and  FAK  and 
reduced  invasiveness  in  the  presence  of  anti-uv/35  antibodies.  Co-precipitation  of  paxillin  with  av j35  (a)  or  with  av/33  ( b )  was  measured  in  cells 
lysates  of  naive  SB-2  cells  (C)  and  of  a  stable  PARI  transfectant  clone  13  that  was  either  thrombin-activated  (A)  or  not  ( B ).  c,  paxillin  and  FAK 
were  immunoprecipitated  from  cell  lysates  of  SB-2  cells  that  had  been  thrombin-activated  (A)  or  not  ( B )  and  from  the  stable  PARI  transfectant 
clone  13  that  was  either  thrombin-activated  (C)  or  not  { D ),  The  blotted  membrane  was  incubated  with  anti-/35  subunit  mAh.  d,  non-invasive  MCF7 
cells,  naturally  expressing  very  low  levels  of  PARI,  were  transfected  with  cDNA  expression  vectors  coding  either  for  PARI  or  for  truncated  PARI. 
In  lysates  of  the  PARI  transfectants,  co-precipitation  of  FAK  and  paxillin  was  detected  after  PARI  activation  by  thrombin  ( B )  but  not  without 
activation  (A).  In  lysates  of  truncated  PARI  transfectants,  no  co-precipitation  of  FAK  with  paxillin  with  avp5  was  observed  regardless  of  whether 
the  cells  were  thrombin-activated  ( D )  or  not  (C).  Tyrosine-phosphorylated  paxillin  co-precipitated  with  av/35  ( lower  panel )  in  PARI -transfected  cells 
(A);  the  level  of  this  precipitation  increased  following  thrombin  activation  of  PARI  (B);  in  truncated  PARI -transfected  cells,  only  minor  levels  of 
phosphorylated  paxillin  were  detected  with  (D)  or  without  (C)  thrombin  activation,  e,  PARI  expression  levels  were  measured  by  FACS  analysis 
using  anti  PARI  mAb  (WEDE15,  Immunotech,  Cedex,  France),  followed  by  incubation  with  FITC-labeled  anti-mouse  IgG.  The  analysis  was  carried 
out  on  MCF7  cells  following  transfection  by  DNA  coding  for  the  full-length  PARI  (A  and  C)  or  for  the  truncated  PARI  (B  and  D).  Their  levels  were 
compared  with  non-transfected  cells  {first  peak,  B  and  A).  This  is  true  also  when  PARI  or  truncated  PARI  expression  was  measured  relative  to 
empty  vector-transfected  cells  (first  peak,  C  and  D,  respectively),  f,  A375SM  cells  were  activated  with  1  unit/ml  thrombin  (B-D)  or  not  (A).  The 
activated  cells  were  then  treated  with  20  p  g/ml  either  anti-avjS5-blocking  mAbs  (C)  or  nonspecific  IgG  CD).  The  treated  cells  were  then  subjected 
to  a  Matrigel  invasion  assay.  The  data  presented  here  are  the  averages  of  data  from  at  least  three  replicate  experiments.  One  hundred  percent 
invasion  by  the  metatastic  cells  corresponded  to  48  ±  3  invading  cells  as  compared  with  17  ±  1.5  invading  cells  by  SB-2  non-metastatic  cells  (data 
not  shown). 
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pathways  is  limited,  it  can  be  harnessed  to  integrate  the  infor¬ 
mation  obtained  from  multiple  receptors  for  a  wide  range  of 
cellular  responses.  Here  we  have  presented  evidence  showing 
that  the  overexpression  of  PARI  increases  the  invasiveness  of 
melanoma  cells  (Figs,  lb  and  5 f)  and  is  also  associated  with  an 
increase  in  the  adhesion  properties  of  the  cell  (Fig.  2,  a-c ).  The 
activation  of  PARI  resulted  in  the  phosphorylation  of  the  focal 
adhesion  proteins  FAK  and  paxillin  that  are  typical  of  integrin 
signaling  (Fig.  3a).  Although  the  levels  of  the  cell  surface  inte- 
grins  were  not  affected  (Fig.  4a),  there  was  notable  change  in 
their  mode  of  distribution.  In  particular,  in  response  to  PARI 
activation,  the  integrins  av/33  and  a5p1  remained  diffusely  dis¬ 
tributed  but,  in  contrast,  we  found  that  the  integrin  nv/35 
was  uniquely  recruited  to  the  sites  of  focal  adhesion  contacts 
(Fig.  4 b). 

It  is  well  established  that  there  is  cooperation  between  inte¬ 
grins  and  other  cell  surface  receptors,  and  further,  that  this 
cooperation  may  operate  at  several  levels  (47-50).  Physical 
interactions  between  the  extracellular  domains  of  integrins 
and  non-integrin  receptors  may  result  in  mutual  or  sequential 
activation.  For  example,  the  results  of  several  parallel  studies 
demonstrate  a  physical  link  of  uPAR  with  the  integrin  in 

keratinocytes  (51),  with  the  j32  integrin  Mac-1  in  leukocytes 
(52),  and  with  av/35  in  breast  cancer  (53).  The  interaction  of 
uPAR  with  integrin  /3X  has  also  been  shown  to  involve  the 
functional  cooperation  of  integrins  with  cell  surface  receptors 
via  caveolin  in  a  manner  dependent  on  the  conformational 
state  of  the  receptors  (54,  55).  Alternatively,  the  activation 
state  of  integrins  can  be  modified  in  an  “inside-out”  manner. 
Internal  signals  conveyed  by  intersecting  cascades  react  with 
the  cytoplasmic  domain  of  the  integrin  /3  subunit  and  thereby 
increase  the  affinity  to  their  ligands  of  the  extracellular  portion 
of  the  integrins.  Activation  of  G-protein-coupled  receptor  ini¬ 
tiates  a  signal  transmission  through  the  C-terminal  cytoplas¬ 
mic  domain  of  the  receptor  that  leads  to  the  assembly  of  adap¬ 
tor  proteins,  non-receptor  tyrosine  kinases,  and  small 
G-proteins.  Signals  that  are  transduced  in  forking  pathways, 
like  Ras-Raf-mitogen-activated  protein  kinase  and  phosphati- 
dylinositol  3-kinase-Akt/PKB,  are  also  largely  shared  by  inte¬ 
grin  and  thymidine  kinase  receptors.  In  endothelial  cells  (56), 
astrocyte  cell  rounding  (57),  and  nuerite  retraction  (58),  cy- 
toskeletal  responses  to  thrombin  are  known  to  involve  the 
activation  of  the  Ras-dependent  ERK1/2  mitogen-activated 
protein  kinase  pathway  during  gap  formation.  These  responses 
have  been  found  to  be  Rho-dependent  and  require  Rho-specific 
guanine  nucleotide  exchange  factors  (57,  59).  More  specifically, 
the  Rho-dependent  pathway  controls  barrier  maintenance  and 
stress  fiber  formation  while  Rac  induction  and  myosin  light 
chain  kinase  activation  are  both  implicated  in  barrier  dysfunc¬ 
tion  (56).  Together,  these  facts  imply  that  integrin-related  sig¬ 
naling  can  be  intersected  by  PARI  signaling  at  the  intracellu¬ 
lar  level. 

Thrombin  contains  a  cryptic  RGD  epitope  that  can  poten¬ 
tially  be  recognized  by  integrins  (40).  The  transient  binding  of 
thrombin  to  its  receptor,  prior  to  receptor  cleavage,  may  serve 
as  an  RGD-exposing  event  that  enables  integrin  binding  during 
PARI  activation.  Thus,  it  seems  that,  at  least  theoretically, 
cooperation  between  PARI  and  the  vitronectin  receptor  avf 35 
may  occur  at  the  extracellular  level.  Using  a  truncated  PARI 
construct  that  lacks  the  entire  cytoplasmic  tail  domain,  we 
demonstrated  here  that  it  was  the  cytoplasmic  portion  of  the 
PARI  molecule  that  was  responsible  for  cooperation  with  the 
av/3s  integrin.  We  found  that  the  truncated  PARI  was  unable  to 
transmit  intracellular  signals,  and  therefore,  was  unable  to 
recruit  av j35  and  to  initiate  the  typical  integrin-associated  sig¬ 
nals.  The  other  vitronectin  receptor,  av/33,  has  been  widely 


implicated  in  both  angiogenesis  and  melanoma  cell  invasion 
and  metastasis  (60,  61).  Nevertheless,  many  tumor  cells  that 
lack  avf$3  can  still  readily  metastasize  (62).  In  cells  that  express 
both  avj 3g  and  av/33,  av03  is  constitutively  capable  of  inducing 
cell  spreading  and  migration,  while  av/35  cannot  promote  cell 
spreading  and  migration  without  an  additional  exogenous  sol¬ 
uble  factor  (60,  63).  Based  on  our  results,  we  propose  that 
during  the  invasion  process  avf 35  is  the  dominant  integrin  in¬ 
volved  in  PAR1-ECM  signaling  interactions.  This  is  consistent 
with  previous  suggestions  (64)  that  av/35  has  a  role  in  mediat¬ 
ing  human  keratinocyte  locomotion.  Filardo  et  al.  (36)  also 
showed  that  avj35,  as  the  sole  integrin  expressed  in  melanoma 
cells,  could  promote  cell  spreading  and  migration  in  coopera¬ 
tion  with  insulin-like  growth  factor  signaling.  It  has  also  been 
postulated  that  «v05-mediated  cell  migration  is  protein  kinase 
C  0-dependent  (66).  Whether,  as  has  been  shown  for  endothe¬ 
lial  cell  migration  (67),  PARl-mediated  association  of  avj3f)  dur¬ 
ing  tumor  invasion  is  under  the  regulation  of  protein  kinase  C 
0  associated  to  TAP20  (theta-associated  protein)  remains  to  be 
determined. 

The  adhesion  of  tumor  cells  to  the  basement  membrane  is  an 
essential  step  in  the  process  of  invasion.  In  contrast  to  the 
passive,  non-active  nature  of  non-malignant  cells,  the  dynamic 
nature  of  tumor  cell  adherence  to  the  underlying  ECM  precedes 
matrix  degradation  and  migration.  The  interactions  of  the  cell 
matrix  involve  the  activation  of  integrins  as  well  as  the  initia¬ 
tion,  through  focal  adhesion  structures,  of  signaling  cascades 
that  lead  to  cytoskeletal  reorganization.  This  has  been  shown 
to  be  the  case  during  tumor  progression  where  TF  supports  cell 
adhesion,  migration,  and  spreading  through  the  action  of  the 
cytoplasmic  portion  of  the  TF  molecule  (10).  The  interaction  of 
uPA  with  its  cell  surface  receptor  uPAR  is  necessary  for 
vitronectin-dependent  human  pancreatic  carcinoma  (FG)  cell 
adhesion  and  migration  mediated  via  the  av/3 5  integrin  (65). 
The  convergence  point  of  the  PARI  and  the  av/3G  signaling 
pathways  is  not  yet  known  and  is  currently  under  study  in  our 
laboratory.  Nevertheless,  the  data  that  we  have  presented  here 
suggest  that  this  unique  mode  of  cooperation  specifically  pro¬ 
motes  the  invasive  properties  of  tumor  cells.  We  believe  that 
the  PARI  and  the  avf 35  signaling  pathways  that  we  have  stud¬ 
ied  here  may  prove  to  be  crucial  for  other  PARI  functions  in 
vascular  biology  and  embryonic  development. 
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ABSTRACT 

The  formation  of  new  blood  vessels  is  a  critical  determinant  of  tumor  progression.  We  find 
that  Pari  gene  expression  plays  a  central  role  in  blood  vessel  recruitment  in  animal  models.  By  in 
vivo  injection  of  either  Matrigel  plugs  containing  Par7-expressing  cells  or  of  rat  prostatic 
carcinoma  cells  transfected  with  tetracycline-inducible  pari  expression  vectors,  we  show  that  Pari 
significantly  enhances  both  angiogenesis  and  tumor  growth.  Several  VEGF  splice  forms  are 
induced  in  cells  expressing  Pari.  Activation  of  PARI  markedly  augments  the  expression  of 
VEGF  mRNAs  and  of  functional  VEGFs  as  determined  by  in  vitro  assays  for  endothelial  tube 
alignment  and  bovine  aortic  endothelial  cell  proliferation.  Since  neutralizing  anti- VEGF 
antibodies  potently  inhibited  Pari -induced  endothelial  cell  proliferation,  we  conclude  that  Parl- 
induced  angiogenesis  requires  VEGF.  Specific  inhibitors  of  PKC,  Src  and  PI3K  inhibit  Parl- 
induced  VEGF  expression,  suggesting  the  participation  of  these  kinases  in  the  process.  We  also 
show  that  oncogenic  transformation  by  genes  known  to  be  part  of  PARI  signaling  machinery  is 
sufficient  to  increase  VEGF  expression  in  NIH3T3  cells.  These  data  support  the  novel  notion  that 
initiation  of  cell  signaling  either  by  activating  PARI  or  by  the  activated  forms  of  oncogenes  is 
sufficient  to  induce  VEGF  and  hence  angiogenesis. 

Key  words:  Thrombin-receptor,  VEGF  (vascular  endothelial  growth  factor),  invasion,  metastasis 
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INTRODUCTION 

The  formation  of  new  blood  vessels  (vasculogenesis  and  angiogenesis)  involves  the 
coordinated  functions  of  endothelial  cell  proliferation,  migration  and  tube  alignment.  The 
emergence  of  new  blood  vessels  from  pre-existing  vasculature  is  a  process  that  is  highly  affected 
by  growth  factor  receptors  such  as  KDRJflk-1  and  flt-1  and  by  a  spectrum  of  adhesion  molecules, 
primarily  integrins  (1,2).  Angiogenesis  has  been  designated  a  hallmark  of  cancer  and  determined 
to  be  a  prerequisite  for  tumor  growth  (3, 4)  as  well  as  for  various  ischemic  diseases  such  as 
retinopathy  of  prematurity  (3).  This  process  takes  place  as  a  consequence  of  an  angiogenic 
genetic  switch,  which  allows  the  recruitment  of  blood  vessels  from  neighboring  tissues  (5).  The 
critical  determinants  of  this  angiogenic  switch  remain  to  be  elucidated. 

The  relationship  between  thrombosis  and  cancer/metastasis  was  first  recognized  by  the 
classical  observations  of  Trousseau  in  1872  (6).  Many  studies  since  have  described  a  systemic 
activation  of  the  blood  coagulation  cascade  in  patients  with  cancer  (7-9).  During  initiation  of  the 
thrombosis/hemostasis  cascade,  a  complex  of  factors  Va  and  Xa  (Va/Xa)  acts  to  convert 
prothrombin  to  the  serine  protease  thrombin.  Thrombin  ligates  the  Protease  Activated  Receptor 
(PAR)  family  to  initiate  cellular  functions.  We  have  shown  previously  that  PARI,  the  first 
identified  member  of  the  PAR  family,  plays  a  direct  role  in  both  normal  (physiological  placental 
implantation)  and  pathological  (malignancy)  cell  invasion  processes  (10).  Molecular  mechanisms 
underlying  PARI  involvement  in  tumor  invasion  and  metastasis  include  increased  phosphorylation 
of  focal  adhesion  complex  proteins,  cytoskeletal  reorganization,  and  the  recruitment  of  avP5 
integrin  after  PARI  ligation  (11). 

PARs  are  G-coupled  cell  surface  proteins  mediating  intracellular  responses  to  the  serine 
protease  thrombin  (12,  13).  PARI  was  recently  recognized  as  an  oncogene,  promoting 
transformation  in  NIH  3T3  cells.  In  addition  to  its  potent  focus  forming  activity,  constitutive 
over-expression  of  PARI  in  NIH-3T3  cells  promoted  the  loss  of  anchorage-  and  serum- 
dependent  growth.  PARI  activity  was  found  to  be  directly  linked  to  Rho  A  and  inhibited  by 
pertussis  toxin  and  thus  mediated  via  the  Gal3  subunit  (14).  The  oncogenic  function  of  PARI  is 


4 


especially  significant  in  light  of  our  observation  that  PARI  is  over-expressed  in  a  series  of 
biopsy  specimens  of  breast  tumors  (10)  as  well  as  in  a  collection  of  cell  lines  exhibiting 
differential  metastatic  potentials  (11). 

Mouse  embryos  lacking  Pari  or  several  coagulation  factors  die  with  varying  frequencies  at 
midgestation,  often  with  signs  of  bleeding  (15-21).  Recently  (22)  it  has  been  shown  that  Pari 
plays  a  critical  role  in  endothelial  cell  embryonic  development,  rescuing  Par  1 '''  mice  from 
bleeding  to  death;  however,  its  function  in  tumor  angiogenesis  is  unknown.  It  was  unclear  whether 
bleeding  in  embryos  lacking  Pari  results  from  impairment  of  hemostasis  or  of  blood  vessel 
formation.  Griffin  et  al  (22)  provided  elegant  evidence  demonstrating  that  loss  of  Pari  does  not 
prevent  vessel  formation  but  rather  impairs  the  stabilization  and  maturation  of  the  newly  forming 
vessels,  thereby  causing  abnormal  fragility  and  ruptures  in  the  vessel  wall  (22, 23).  By  initiating 
the  PARI  signaling  cascade  in  endothelial  cells,  Griffin  et  al  were  able  to  rescue  Pari  deficient 
mouse  embryos  from  bleeding  to  death.  These  results  demonstrate  that  activation  of  PARI  and  its 
signaling  pathway  in  endothelial  cells  is  essential  for  vascular  integrity.  It  is  interesting  to  note  the 
phenotypic  similarities  between  Pari'1'  embryos  and  various  coagulation  factor  knock  out  embryos 
(e.g.  factor  V'7',  tissue  factor '''  and  prothrombin  '').  Most  die  at  midgestation  with  yolk  sac  defects 
and  bleeding  (16-24). 

The  major  angiogenic  factor  VEGF  acts  mainly  through  two  tyrosine  kinase  receptors 
present  almost  exclusively  on  endothelial  cells,  VEGF  receptor- 1  (VEGF-1;  also  termed  flt-l) 
and  VEGF  receptor-2  ( KDRJflk-1 )  ( 25 , 26),  and  via  neuropilins  expressed  on  tumor  cells  (27). 
The  importance  of  the  VEGF/VEGFR  system  in  angiogenesis  is  strongly  supported  by  data 
showing  early  embryonic  lethality  in  mice  either  heterozygous  or  completely  deficient  in 
VEGFR  (25, 27-31).  The  crucial  biological  role  of  VEGF  in  angiogenic  related  functions  was 
shown  in  studies  using  targeted  gene  disruption  in  mice.  Since  VEGFR-2  is  required  for  the 
differentiation  of  endothelial  cells  and  the  recruitment  of  endothelial  cell  precursors  (31), 
embryos  lacking  the  VEGFR-2  gene  die  before  birth  because  the  blood  vessels  do  not  form  (32). 
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Likewise,  inhibition  of  VEGF  activity  using  neutralizing  antibodies  or  by  the  introduction  of 
dominant  negative  VEGF  receptors  into  endothelial  cells  derived  from  tumor-associated  blood 
vessels  resulted  in  the  inhibition  of  tumor  growth  and  even  in  tumor  regression.  This  indicates 
that  VEGF  is  a  major  initiator  of  tumor  angiogenesis  (32,  33).  Furthermore,  VEGF  expression  is 
potentiated  by  hypoxia  and  the  induced  VEGF  production  in  hypoxic  areas  of  solid  tumors 
contributes  significantly  to  tumor  angiogenesis  (34-36).  VEGF  also  functions  as  a  survival  factor 
for  immature  blood  vessels.  These  vessels  become  VEGF  independent  once  they  recruit 
periendothelial  cells  and  undergo  maturation.  However,  the  newly  formed  vascular  network  will 
regress  if  VEGF  is  prematurely  withdrawn.  Thus,  VEGF  deprivation  may  lead  not  only  to 
inhibition  of  further  angiogenesis,  but  also  to  regression  of  already  formed,  immature,  tumor 
vessels  (37). 

Several  VEGF  isoforms  are  produced  from  the  VEGF  gene  by  alternative  splicing.  Five 
human  VEGF  mRNA  splice  forms  have  been  identified,  encoding  VEGFs  of  various  lengths 
(121, 145, 165, 189  and  206  amino  acids;  VEGF  121-206)  (29-36,  38,  39).  They  are  mainly 
distinguished  by  their  heparin  and  heparan  sulfate  binding  ability.  While  VEGF  121  lacks  the 
amino  acids  encoded  by  exons  6  and  7  of  the  VEGF  gene  (40)  and  does  not  bind  heparin  or 
extracellular  matrix  (41),  VEGF165  includes  exon  7  and  does  bind  heparin  (40, 41)  and  VEGF145 
includes  exon  6  and  binds  tightly  to  the  extracellular  matrix  (ECM)  (42).  VEGF  189  and  VEGF 
206  contain  the  amino  acids  encoded  by  both  exons  6  and  7  and  display  a  higher  affinity  for 
heparin  and  heparan  sulfate  than  VEGF145  or  VEGF165.  It  is  not  clear  which  of  these  splice 
forms  are  involved  in  VEGF’s  known  effects  on  angiogenesis  and  tumor  growth.  In  addition,  it 
is  not  known  whether  the  effects  of  VEGF  and  PARI  on  tumor  progression  are  inter-related  in 
any  way.  We  investigated  this  question  and  explored  the  role  of  PARI  in  tumor  angiogenesis. 

MATERIALS  AND  METHODS 

Cells-  SB-2  non-invasive  human  melanoma  (kindly  provided  by  J.  Fidler  and  M.  Bar-Eli, 

Dept,  of  Cell  Biology,  University  of  Texas,  M.  D.  Anderson  Cancer  Center,  Houston)  were 
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grown  in  10%  FCS-DMEM  supplemented  with  50  U/ml  penicillin  and  streptomycin  (GIBCO- 
BRL,  Gaithersburg,  MD,  USA)  and  maintained  in  a  humidified  incubator  with  8%  CC>2  at 
37°C  .  The  Pari  stable  transfectants,  clone  13  and  clone  MixL,  were  grown  under  the  same 
conditions;  for  long-term  maintenance  these  were  supplemented  with  200  pg/ml  G41 8 
antibiotics  (11).  MCF-7  (adenocarcinoma)  and  MDA435  cells  (ductal  carcinoma)  were 
maintained  as  previously  described  (10).  NIH  3T3  cells  transfected  with  Vav,  Src  and  Ras 
were  grown  in  DMEM  supplemented  with  10%  calf  serum. 

Cell  transfection  -  Cells  were  grown  to  30-40%  confluency  and  then  transfected  with  0.5-2 
pg/ml  of  plasmid  DNA  in  Fugene  6  transfection  reagent  (Boehringer  Mannheim,  Germany) 
according  to  the  manufacturer's  instructions  (1 1).  After  10  days  of  selection,  stable,  transfected 
clones  were  established  in  medium  containing  400  pg/ml  G418.  Antibiotic  resistant  cell 
colonies  were  transferred  to  separate  culture  dishes  and  were  grown  in  200  pg/ml  G418  medium. 
Forty-eight  hours  after  transfection,  transiently  transfected  cells  were  collected  and  tested  ( RNA 
was  extracted  either  for  RT-PCR  and/or  Northern  blot  or  for  preparation  of  conditioned 
medium). 

Preparation  of  conditioned  medium-  cells  at  90%  confluency  were  fed  with  fresh 
medium  and  incubated  either  for  30  hours  or  treated  for  additional  8  hours  with  TRAP  (100  pM). 
Conditioned  medium  was  then  collected  and  centrifuged  at  1,000  rpm  for  5  minutes.  The 
supernatant  was  either  used  immediately  or  stored  at  4°C  prior  to  use. 

RNA  extraction  and  reverse  transcriptase  -  polymerase  chain  reaction 
(RT-  PCR)  Total  RNA  was  prepared,  using  the  TRI  REAGENT  (Molecular  Research 
Center,  Inc.  Ohio)  as  described  by  the  manufacturer.  One  microgram  of  RNA  was  used 
for  complementary  DNA  (cDNA)  synthesis,  employing  M-MLV  reverse  transcriptase 
and  oligo  dT  (both  from  Promega,  Heidelberg,  Germany).  VEGF  transcripts  were 
amplified,  using  Taq  polymerase  (Bioline,  London,  UK)  for  20ul  total  PCR  reaction. 

95  °C  for  3  minutes  for  initial  melting  was  followed  by  24-30  cycles  of  95  °C  for  1 
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minute,  59°C  for  30  seconds,  and  72°C  for  1  minute;  7  minutes  at  72°C  was  used  for  final 
extension  following  cycling.  PCR  primers  were  as  follows:  upstream  mouse  L19, 
5'-CTGAAGGTGAAGGGGAATGTG-3';  downstream  mouse  LI 9,  5'- 
GGATAAAGTCTTGATGATCTC-3'(24cycles);  upstream  human  GADPH,  5'- 
CCACCC ATGGC AAATTCC ATGGC A-3 downstream  human  GADPH,  5'- 
TCTAGACGGCAGGTCAGGTCCACC(26cycles);  upstream  VEGF,  5’- 
TCGGGCCTCCGAAACCATGA-3';  downstream  VEGF,  5'- 
CCTCCTGAGAGATCTGGTTC-3'  (30cycles).  For  VEGF,  sequences  in  the  3'  and  5' 
translated  regions  were  used,  allowing  the  amplification  of  the  known  splice  variants 
(516  base  pair  [bp],  648bp,  720bp,  and  771bp)  (46).  PCR  products  were  separated  on  a 
2%  Nusieve  (FMC;  Rockland ,  ME)  3:1  agarose  gel,  stained  with  ethidium  bromide, 
and  visualized  under  UV  light. 

Northern  Blot  Analysis  -  Total  RNA  (20pg)  was  electrophoresed  on  1%  formaldehyde- 
agarose  gels  and  transferred  to  Hybond-N+  membranes  (Amersham  Pharmacia  Biotech  UN 
Limited).  The  membranes  were  hybridized  (42°C,  18h)  with  a  32P-dCTP  labelled  (Rediprimer  n, 
Amersham  Biosciences  UK  Limited)  probe  for  human  VEGF165  (690  bp  obtained  by  RT-PCR). 
After  hybridization,  membranes  were  washed  and  exposed  to  X-ray  films.  We  used  the 
housekeeping  gene  P-actin  as  a  control  for  RNA  loading. 

Three  dimensional  tube  forming  assay  -  Type  I  collagen  was  prepared  from  the  tail 
tendons  of  adult  Sprague  Dawley  rats.  The  collagen  matrix  gel  was  obtained  by  simultaneously 
raising  the  pH  and  ionic  strength  of  the  collagen  solution.  Briefly,  collagen  was  used  to  coat  24- 
well  cluster  plates  (0.3  ml/well).  After  polymerization  of  the  collagen  at  37°C  for  0.5  h,  the 
BAEC  cells  (2  X  104/0.5ml/well)  were  added  to  each  well.  Collagen  solution  (0.4ml)  was 
carefully  poured  on  top  of  the  cells.  After  the  gel  was  formed,  0.4  ml  of  conditioned  medium 
from  Cl  13 IParl  transfected  SB-2  cells,  mock  transfected  SB-2  or  control  non-transfected  cells 
was  added  and  replaced  with  fresh  medium  every  other  day.  Tube  formation  and  alignment  of 
BAEC  were  visualized  by  phase  microscopy,  and  photographed  at  days  8-10  (43). 


BAEC proliferation  -  Cells  were  seeded  in  DMEM  containing  10%  FCS  at  a  density  of  2 
xlO3  cells/ 16-mm  well  of  a  24-well  plate,  in  triplicate.  The  medium  was  replaced  with 
conditioned  medium  24  h  after  seeding,  and  the  cells  were  cultured  for  3  to  14  days  in  the 
different  conditioned  media.  Every  three  days  post-seeding,  cells  (three  wells  for  each  condition) 
were  dissociated  with  tiypsin/EDTA  and  counted  with  a  Coulter  counter  (Coulter  Electronics 
Ltd.) 

Matrigel  plug  assay  -  The  Matrigel  plug  assay  was  performed  as  previously  described  (44). 
Briefly,  300  pi  Matrigel  (kindly  provided  by  Dr.  H.  Kleinman,  NIDR,  NIH,  Bethesda,  MD) 
containing  106  Pari -transfected  SB-2  cells/ml  at  4°C  were  injected,  subcutaneously  (s.c.)  into  an 
abdominal  site  between  the  hind  limbs  of  seven-week-old  male  B ALB/c  mice  (n=6).  Injections 
were  performed  bilaterally,  when  always  at  the  right  side  Matrigel  mixed  with  naive  cells  and 
transfection  reagent.  Control  mice  were  injected  with  Matrigel  mixed  with  empty  vector 
transfected  SB-2  cells  lacking  Pari.  Matrigel  plugs  were  removed  after  10  days.  The  skin  of  the 
mouse  was  easily  pulled  back  to  expose  the  Matrigel  plug,  which  remained  intact.  After 
qualitative  differences  were  noted  and  photographed,  the  plugs  were  dissected  out  of  the  mouse 
and  fixed  with  4%  formaldehyde/phosphate-buffered  saline  and  embedded  in  paraffin  for 
histological  evaluation.  For  vessel  density  analysis,  5-pm  thick  sections  from  paraffin-embedded 
plugs  were  stained  with  H&E  and  Mallory’s  staining.  Vascular  structures  were  recognized  as 
luminal  or  slit-like  structures  that  occasionally  contained  blood  cells  within  them,  as  described 
previously  (45).  The  microvessel  density  was  determined  in  various  plug  areas.  Individual 
vessels  were  counted  on  X200  microscopic  fields  (0.785mm2).  A  total  of  six  fields/plug 
(representative  of  at  least  3  independent  Matrigel  plugs  per  condition)  were  analyzed. 

“Tet-On  ”  system  -  A  1 .3  Kb  DNA  of  hParl  was  cut  from  PSL-30 1  -PARI  plasmid  by  BamH 
I  and  Xho  I  restriction  enzymes.  This  fragment  was  cloned  into  the  multiple  cloning  site  of 
pAHygTetl  plasmid  between  BamH  I  and  Xho  I  to  generate  p AHygT et  1  -hParl . 


tf 


9 

Cells  from  a  clone  of  AT2.1/Tet  -On  (generously  provided  by  Dr.  Hua-Quan  Miao,  Imclone 
systems,  Inc.,  new  York,  NY  10014)  were  transfected  with  2pg  DNA  of  either  pAHygTetl- 
hParl  or  pAHygTetl  using  FuGENE  6  transfection  reagent  (Roche,  Mannheim  Germany). 

After  48hr,  the  medium  was  changed  and  cells  were  selected  by  800  pg/ml  hygromycin  B 
(Calbiochem,  La  Jolla,  CA).  Stable  pAHygTet  1  -hParl  -transfected  clones  were  checked  for 
hParl  expression  by  Northern  blot  analysis  after  a  48  hr  induction  with  Doxycyclin  (Dox) 
(2pg/ml). 

Tumor  growth  in  vivo  -  2  month  old  male  Copenhagen  rats  were  anesthetized.  Cells  (0.3  X 
106  /  0.3  ml  /rat)  were  injected  subcutaneously  at  a  dorsal  site  between  the  hind  limbs.  The  rats 
(n= 5,  each  group)  were  fed  with  drinking  water  containing  1%  sucrose.  To  induce  /iPARl 
expression,  10  |ag/ml  Dox  was  added  to  the  drinking  water,  which  was  changed  every  2  days. 
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RESULTS 

PARI  promotes  tumor  angiogenesis  in  vivo.  We  have  previously  shown  that  introducing  Pari 
cDNA  into  non-metastatic  melanoma  cells  induced  the  invasive  and  adhesive  properties  of  these 
cells  (11).  The  molecular  mechanisms  underlying  PARI -induced  tumor  invasion  include 
recruitment  of  avP5  integrin,  focal  adhesion  complex  formation,  and  cytoskeletal  reorganization. 
We  asked  whether  PARI  is  also  capable  of  inducing  tumor  angiogenesis.  To  address  this  question, 
we  applied  a  Matrigel  plug  assay  to  evaluate  whether  Pari  can  recruit  blood  vessels  in  vivo. 

Stable  Pari  transfected,  non-metastatic  SB -2  melanoma  cells  (Cl  13  cells)  were  mixed  at  4°C  with 
Matrigel  (reconstituted  basement  membrane  (BM)  preparation  extracted  from  EHS  mouse 
sarcoma)  and  injected  s.c.  into  BALB/c  mice.  Upon  injection,  the  liquid  Matrigel  rapidly  formed 
a  solid  gel  plug  that  served  not  only  as  an  inert  vehicle  for  PARI  producing  cells,  but  also 
mimicked  the  natural  interactions  that  exist  between  tumor  cells  and  the  surrounding  extracellular 
matrix  (ECM).  Non-transfected  SB-2  cells  expressing  no  Pari  were  similarly  mixed  with 
Matrigel  and  injected  as  a  control.  In  some  cases,  Cl  13  cells  were  treated  with  thrombin  receptor 
activating  peptide  (TRAP)  to  activate  Pari  prior  to  embedding  in  Matrigel.  10  days  after  injection, 
the  Matrigel  plugs  were  exposed,  examined  and  photographed.  Plugs  containing  control  SB-2 
cells  were  pale,  containing  few  blood  vessels;  however,  those  containing  Pari -expressing  Cl  13 
cells  were  reddish,  indicative  of  recruited  blood  vessels.  Plugs  containing  TRAP-activated  Cl  13 
cells  had  the  most  pronounced  red  coloration  (Fig.l  I).  Matrigel  plugs  were  subsequently 
removed,  paraffin-embedded,  sectioned,  and  stained  for  collagen  (Mallory’s  staining)  to  allow 
histological  evaluation  of  blood  vessels  in  the  plug.  A  network  of  recruited  capillary  blood  vessels 
is  seen  in  plugs  containing  Cl  13  cells  while  few  vessels  appear  in  plugs  containing  non  transfected 
cells  (Fig.  1 II).  The  difference  in  angiogenesis  induced  by  activated  PARI -transfected  cells  as 
compared  to  non  transfected  either  treated  by  thrombin  or  not  is  particularly  striking  (Fig  1 II). 
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Quantification  of  blood  vessels  in  Matrigel  sections  indicated  that  these  differences  are  statistically 
significant  (Fig.  1  III).  An  average  of  22.33+3.01  blood  vessels  were  found  in  unactivated  SB-2- 
containing  plugs  and  90.00+15.00  in  TRAP-activated  SB-2  plugs.  For  Cl  13 -containing  plugs 
before  and  after  TRAP  activation  the  numbers  were  40.40+9.55  and  327+26.5,  respectively. 

Inducible  Pari  expression  in  rat  prostatic  carcinoma  increases  tumor  mass  and 
angiogenesis.  Differential  expression  of  Pari  in  the  Dunning  rat  prostate  carcinoma  cell 
variants  was  observed  by  RT-PCR.  The  AT2. 1  variant  expressed  low  levels  of  Pari,  while 
AT3.1,  which  is  more  motile  and  tumorigenic  than  AT2.1  (47),  expressed  high  levels  (Fig.  2 
IA).  In  order  to  establish  the  exclusive  effect  of  Pari  expression  on  prostate  tumor  progression, 
AT2. 1  cells  were  transfected  with  human  Pari  cDNA  under  the  control  of  a  tetracycline- 
inducible  promoter  (Fig.  211).  Two  clones  (AT2.1/Tet-On/  hParl  clones  1  and  4)  were  isolated, 
in  which  hParl  expression  was  strongly  induced  by  the  tetracycline  analog  Dox  as  determined 
by  Northern  blot  analysis.  Pari  expression  was  nearly  undetectable  in  the  absence  of  Dox. 
Following  addition  of  Dox,  the  levels  of  the  4.1  kb  Pari  mRNA  were  increased  substantially 
(Fig.  211,  D  &  F).  The  optimal  dose  of  Dox  necessary  to  induce  Pari  expression  was  1-2  pg/ml 
(not  shown).  Pari  mRNA  could  be  detected  as  early  as  4-6  h,  and  reached  maximum  levels  at 
20-24  h  after  Dox  treatment  (not  shown).  AT2.1  cells  transfected  with  the  pTet-On  vector 
without  the  Pari  gene  did  not  express  any  detectable  Pari  mRNA  levels  either  in  the  presence 
(Fig.  211,  lane  B)  or  in  the  absence  (Fig.  211,  lane  A)  of  Dox. 

To  assess  the  effect  of  PARI  on  tumor  growth  in  vivo,  AT2.  l/Tet-On/ZzPar/  clone  4  cells  or 
control  transfected  cells  were  injected  s.c.  into  rats.  Rats  were  then  maintained  for  2  weeks  with 
either  regular  drinking  water  (supplemented  with  1%  sucrose)  or  drinking  water  containing  Dox 
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(and  1%  sucrose)  to  induce  Pari.  In  all  injected  rats,  marked  tumor  growth  occurred  during  this 
time  period.  In  the  absence  of  Dox  the  mean  mass  of  AT2.1  clone  4  tumors  was  0.35+0.1  gr  (Fig.  2 
in,  B).  When  PARI  expression  was  induced  by  Dox  in  the  drinking  water,  mean  AT2.1  clone  4 
tumor  mass  increased  3.7  fold  to  1.30  +  0.14  gr.  This  increase  was  statistically  significant.  In 
addition  to  being  larger,  tumors  in  these  Dox  -treated  animals  had  a  very  reddish  appearance  (Fig. 
2III,  C)  compared  to  the  pale  appearance  of  tumors  from  untreated  animals  (Fig.  2  III,  B).  In 
comparison,  tumors  from  control-transfected  and  non-transfected  AT2.1  tumors  were  significantly 
smaller  and  did  not  increase  in  mass  or  change  in  color  when  Dox  was  delivered  in  their  drinking 
water  (Fig.  2 IV).  We  conclude,  therefore,  that  the  regulated  induction  of  the  Pari  gene  markedly 
enhanced  two  critical  determinants  of  tumor  progression:  tumor  size  and  angiogenesis. 

Pari  expressing  cells  induce  functional  VEGF.  Next  we  analyzed  the  expression  levels  of 
VEGF165  in  the  stably  Pari -transfected  melanoma  cells  (013  and  Mix  L)  using  Northern  blot 
analysis  (Fig.  31).  Parental  SB-2  or  control  transfected  cells  (Fig.  31,  A&B  respectively)  showed 
no  detectable  levels  of  VEGF,  but  both  013  and  MixL  had  significant  levels  of  VEGF165 
mRNA  (Fig.  31,  C&D  respectively).  A  probe  for  the  house  keeping  gene,  p-actin,  was  used  as  a 
control  for  loading.  Activation  of  PARI  by  thrombin  or  TRAP  further  increased  levels  of 
VEGF165  mRNA  (Fig.  311).  Maximal  induction  was  obtained  after  8  h  of  TRAP  treatment  (Fig. 

311,  lane  G),  at  concentrations  of  lOOpM  and  50  pM  and  was  reduced  markedly  with  lower 
concentrations  (Fig.  3  III,  lanes  B-F).  When  control  SB-2  cells  were  treated  with  100  pM  of 
TRAP  for  8  h  there  was  no  detectable  change  in  VEGF  mRNA  levels  compared  to  untreated  SB- 
2  cells  (data  not  shown).  A  similar  pattern  was  obtained  for  VEGF  145  but  not  for  VEGF  189, 
which  was  slightly  expressed  only  after  8h  of  TRAP  treatment  (Fig.  3IV).  Using  RT-PCR  with 
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primers  targeting  the  start  site  (exon  1)  and  the  end  point  (exon  8)  of  the  VEGF  gene,  we  could 
detect  all  the  different  splice  forms  induced  by  Pari.  Pari  markedly  induced  VEGF  121,  VEGF 
145,  and  VEGF  165;  it  induced  only  very  low  levels  of  VEGF  189  and  VEGF  206  was  not  detected 
at  all.  No  VEGF  isoforms  were  detected  in  the  absence  of  Pari  in  SB-2  parental  cells,  control- 
transfected  SB-2  cells,  or  non  metastatic  cells  (MCF7)  (Fig.  3  IV).  Activation  of  PARI  (TRAP; 
8h)  increased  substantially  the  level  of  VEGF189,  similar  to  the  pattern  obtained  in  the  highly 
metastatic  cells  (MDA  435). 

To  determine  whether  the  increased  levels  of  VEGF  mRNA  induced  by  Pari  gene 
correspond  to  increases  in  functional  VEGF  protein,  we  collected  conditioned  medium  from 
untreated  or  TRAP  activated  Cl  13  cells  as  well  as  from  control  transfected  and  non  transfected 
SB-2  cells.  We  used  an  endothelial  tube  forming  assay  to  assess  VEGF  activity:  BAEC  cells 
were  embedded  in  a  3  dimensional  collagen  (type  I)  mesh  and  the  extent  of  tube-forming 
network  was  evaluated  following  application  of  the  various  conditioned  media.  While  low 
vascular  branching  activity  was  obtained  with  untreated  control  conditioned  medium,  either 
treated  with  thrombin  or  not  (Fig.  41 A-C),  a  more  complex  appearing  network  was  obtained 
with  activated  PARI  conditioned  medium  obtained  from  Pari -transfected  cells  (Fig.  41,  D-F). 
We  also  examined  the  effect  of  Pari  transfected  cell  conditioned  media  on  the  rate  of  bovine 
aortic  endothelial  cell  (BAEC)  proliferation  in  vitro.  BAEC  proliferation  was  found  to  be 
maximal  using  conditioned  medium  from  Cl  13  cells  activated  with  TRAP  (8  hours)  and  was 
comparable  to  proliferation  seen  using  conditioned  medium  from  the  highly  invasive  MDA  435 
cell  line  (Fig.  411).  When  neutralizing  anti-VEGF  antibodies  were  applied  during  the 
proliferation  assay,  a  significant  inhibition  was  obtained.  Nearly  complete  inhibition  is  seen  at  a 
1:100  dilution  of  the  antibodies;  the  effect  decreases  in  a  dose-dependent  manner  at  greater 
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dilutions  (Fig.  4  HI).  These  data  demonstrate  that  activated  PARI  expressing  cells  secrete  high 
levels  of  functional  VEGF. 

VEGF  induction  by  Pari  is  mediated  via  PKC,  PI3K  and  Src.  The  phorbol  ester  PMA 
increased  VEGF  mRNA  levels  in  Cl  13  cells  in  a  dose-dependent  manner,  with  maximum 
induction  achieved  between  1  and  500  ng/ml  (Fig.  51).  To  determine  whether  PKC  might  play  a 
role  in  PARI -induced  increases  in  VEGF,  we  used  the  potent  PKC  inhibitor,  calphostin  C.  At 
concentrations  of  500  ng/ml  and  higher,  calphostin  C  potently  blocked  the  TRAP-induced 
increase  in  VEGF  mRNA  in  Cl  13  cells  (Fig.  511).  No  effect  was  observed  at  a  lower 
concentration  (50  ng/ml).  These  data  suggest  that  PKC  plays  a  role  in  the  induction  of  VEGF  by 
PARI.  Specific  inhibitors  of  two  other  kinases  also  inhibited  the  PARI -dependent  increase  in 
VEGF  expression  in  Cl  13  cells.  Wortmannin,  a  PI3K  inhibitor,  inhibited  TRAP-induced 
increases  in  VEGF  mRNA  levels  (Fig.  5III).  In  addition,  PP-2,  a  potent  Src  inhibitor,  also 
inhibited  VEGF  induction  (Fig.  5IV  ).  These  data  point  to  essential  roles  for  PKC,  Src  and  PI3K 
in  the  molecular  mechanisms  underlying  VEGF  induction  by  PARI. 

Transformation  of  NIH  3T3  cells  by  the  oncogenes  v-Ha-Ras,  V-Src,  or  VavK49  induces 
VEGF  mRNA.  To  determine  the  effect  of  oncogenic  transformation  on  VEGF  expression, 
mRNA  from  transformed  and  control  NIH3T3  cells  was  examined  for  VEGF  transcripts  (Fig. 

61).  NIH3T3  cells  were  transfected  with  the  active  forms  of  ras,  src  or  vav(K49)  oncogenes, 
wild  type  (wt)  vav  protooncogene,  or  two  different  SH2  domain  mutants  of  vav  (W622R  and 
R647L).  Ras,  src,  and  the  oncogenic  vav  all  have  potent  transforming  capability.  While  the 
full-length  vav  proto-oncogene  and  the  W622R  vav  mutant  exhibit  greatly  reduced  transforming 
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potential,  the  R647L  vav  mutant  retains  the  transforming  potential  of  the  oncogene.  As  shown  in 
Fig.  61,  a  marked  induction  in  VEGF  mRNA  expression  was  observed  in  the  NIH3T3  cells 
transfected  with  src  or  the  vav  oncogene.  However,  only  low  levels  of  VEGF  mRNA  are 
induced  in  cells  transfected  with  ras  or  the  proto-oncogene  vav,  and  no  VEGF  is  detected  when 
cells  are  transfected  with  vav  W622R,  the  SH2  mutant  with  reduced  transforming  ability  (Fig. 

61).  Low  levels  of  VEGF  mRNA  were  present  in  cells  transfected  with  vav  R647L,  which 
maintains  its  transforming  capability  (data  not  shown).  These  results  suggest  that  cell 
transformation  is  sufficient  to  induce  VEGF. 

By  performing  RT-PCR  with  primers  directed  to  exons  1  and  8  of  the  VEGF  gene,  we 
examined  which  VEGF  splice  forms  are  expressed  in  transformed  cells.  While  control  N1H  3T3 
cells  do  not  express  any  of  the  VEGF  splice  variants,  src-transfected  NIH  3T3  cells  express 
VEGF121,  145,  165,  and  189  but  not  VEGF  206  (Fig.  6III).  The  VEGF  forms  present  in  src- 
transformed  NIH3T3  were  similar  to  those  found  in  activated  (8  hours  of  TRAP)  Cl  13  cells. 
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DISCUSSION 

We  have  previously  shown  that  Pari  is  a  critical  gene  involved  in  tumor  invasion  and 
metastasis  (10, 1 1).  Here  we  wished  to  determine  the  involvement  of  PARI  in  tumor 
angiogenesis.  Although  the  association  between  the  protease  thrombin  and  angiogenesis  has  been 
previously  documented  (49-51),  dissection  of  the  role  of  PARI  in  tumor  angiogenesis  and  its 
mechanism  of  activation  are  largely  unknown. 

Our  results  provide  a  comprehensive  analysis  of  PARI  involvement  in  tumor  angiogenesis. 
We  demonstrate  here  the  ability  of  Pari  to  elicit  tumor  angiogenesis  both  in  vivo  in  animal 
models  and  in  vitro  (as  shown  by  the  endothelial  tube  forming  assay  and  cell  proliferation).  In 
addition,  Pari  expression  induces  VEGF  mRNA.  The  data  indicate  that  while  the  expression  of 
Pari  is  sufficient  to  induce  YEGF  levels,  activation  of  the  PARI  protein  and  initiation  of  the  cell 
signaling  machinery  greatly  enhance  expression  of  4  VEGF  splice  forms;  VEGF121,  VEGF145, 
VEGF  165  and  VEGF  189  but  not  VEGF  206.  This  correlates  with  an  increase  in  effects  on 
angiogenesis  in  the  Matrigel  plug  assay  and  on  endothelial  tube  formation  and  cell  proliferation 
following  activation  of  PARI .  The  fact  that  a  greater  angiogenic  response  is  seen  in  Matrigel 
plugs  containing  pre-activated  Pari-  expressing  cells  indicates  that  active  recruitment  of  blood 
vessels  take  place  early  on,  immediately  following  the  introduction  of  the  Matrigel  plugs.  These 
findings,  together  with  our  previous  results  on  the  increased  invasion  potential  of  Parl- 
overexpressing  cells,  strongly  support  a  significant  role  for  Pari  in  the  two  critical  events  in 
tumor  progression,  tumor  invasion  and  angiogenesis  (10,1 1). 

Activation  of  PARI  leads  to  synthesis  and  secretion  of  functional  VEGF  protein  as 
indicated  by  our  observation  that  conditioned  medium  from  Pari -overexpressing  cells  increases 
BAEC  proliferation  and  3  dimensional  tube  forming  assay  in  vitro.  The  growth  promoting 
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activity  of  activated  PARI  is  mediated  by  VEGF  as  demonstrated  by  the  dramatic  inhibition  of 
7 -induced  endothelial  cell  proliferation  in  the  presence  of  neutralizing  anti-VEGF 
antibodies.  Pari  expression  induces  4  VEGF  splice  forms  (VEGF121,  VEGF145,  VEGF165, 
VEGF189),  which  are  markedly  further  induced  following  activation  of  PARI  by  thrombin  or 
TRAP.  This  increase  in  VEGF  mRNA  is  most  likely  due  to  stabilization  of  VEGF  mRNA  rather 
than  enhanced  transcription  as  documented  recently  by  Haung  and  S.  Karpatkin  (51)  and  our 
data  (not  shown).  It  appears  therefore,  that  Pari  plays  a  dual  role  in  the  control  of  blood  vessel 
formation.  The  expression  of  Pari  in  tumor  cells  is  sufficient  to  induce  VEGF  expression  levels, 
leading  to  endothelial  cell  proliferation  and  sprouting.  In  addition,  Pari  is  required  in 
endothelial  cells  for  maturation  and  stabilization  of  the  blood  vessels  (22). 

Previous  studies  have  shown  that  thrombin  activates  PKC,  Src,  PI3K,  and  MAPK  (52-54). 
Our  studies  show  the  involvement  of  these  signaling  enzymes  in  PARI -induced  angiogenesis, 
since  PP-2,  a  Src  inhibitor,  Wortmannin-a  PI3K  inhibitor  and  Calphostin  C,  a  PKC  inhibitor,  all 
potently  inhibited  VEGF165  mRNA  induction.  Furthermore,  oncogenic  transformation  of 
NIH3T3  cells  with  genes  which  participate  in  PARI  signaling  (e.g.  ras,  src  or  vav;  55-59)  is 
sufficient  to  induce  the  same  4  VEGF  splice  forms  seen  in  Pari -transfected  tumor  cells.  PARI 
couples  to  different  G-proteins  and  activates  the  tyrosine  kinases  Src  and  Fyn  (56,  57,  60). 
Thrombin  has  been  shown  to  induce  tyrosine  phosphorylation  of  the  adaptor  protein  She,  which 
is  then  recruited  to  Grb2  (60).  It  has  been  reported  that  a  dominant  negative  She  that  is  deficient 
in  Grb2  binding  capability  suppresses  thrombin-mediated  activation  of  p44  MAP  kinase  and  cell 
growth,  highlighting  out  the  importance  of  She  in  this  pathway.  In  CCL-39  fibroblasts,  thrombin 
activates  p21  ras  in  a  manner  that  is  inhibited  by  pertussis  toxin  and  the  tyrosine  kinase  inhibitor 
genistein  suggesting  that  activation  of  Ras  involves  both  G-proteins  and  activation  of  protein 
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tyrosine  kinases  (61).  Although  the  mechanism  by  which  PARI  couples  to  Ras  is  still  unclear,  it 
is  likely  that  Src  and  Fyn  activate  Ras  through  the  adaptor  protein  She  in  complex  with  Grb2  and 
SOSRas  exchange  factor  (56,  57).  It  has  been  documented  previously  that  activated  forms  of  Ras 
induce  VEGF  gene  expression  in  NIH  3T3  cells  and  primary  endothelial  cells  ( 62,  63)  -  our 
results  confirm  and  support  these  data.  Vav  activates  GTP-binding  proteins  and  is  part  of  the 
PARI  signaling  cascade  (64,  65);  we  now  show  that  it  also  induces  low  levels  of  VEGF.  The 
oncogenic  form  of  vav  induces  high  levels  of  VEGF.  The  fact  that  two  SH2  mutants  of  Vav 
(R647L  and  W622R),  both  shown  to  be  defective  in  their  tyrosine  phosphorylation  properties, 
had  different  abilities  to  induce  VEGF  suggests  a  correlation  between  VEGF  production  and 
transforming  potential  (48,  66).  The  W622R  mutant,  which  is  defective  in  transforming 
properties,  does  not  induce  VEGF  expression  while  R647L,  which  maintains  its  transforming 
potential,  does. 

Together,  these  data  strongly  support  the  notion  that  PARI  expression  and,  more 
importantly,  the  initiation  of  the  PARI  signaling  cascade  are  highly  significant  in  eliciting  tumor 
angiogenesis. 
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Figure  1.  Pari  induces  angiogenesis  in  vivo.  Matrigel  plugs  containing  Cl  13  (SB-2  cells  stably 
transfected  with  Pari)  or  non-transfected  SB-2  cells  were  injected  s.c.  into  the  peritoneal  cavity 
of  BALB/c  mice  in  a  bilateral  fashion.  Mice  were  divided  into  four  groups  dependent  on  the 
nature  of  the  injected  cells:  Group  A  (n=9)  untreated  SB-2  cells;  Group  B  (n=8)  SB-2  cells 
treated  with  TRAP  (lOOpM,  8  hours);  Group  C  (n=  11)  untreated  C113  cells;  and  Group  D  (n=12) 
Cl  13  cells  treated  with  TRAP  (lOOpM,  8  hours).  I.  Matrigel  plugs  under  phase  microscopy. 

10  days  after  in  vivo  implantation,  Matrigel  plugs  were  removed  and  examined.  Matrigel 
containing  SB-2  cells  remained  pale  (A).  The  appearance  of  the  Matrigel  plugs  containing  SB-2 
cells  pretreated  with  TRAP  was  not  significantly  different  (B).  Matrigel  plugs  containing  Cl  13 
cells  exhibited  a  reddish  color  (C),  which  was  more  pronounced  in  Cl  13  cells  pretreated  with 
TRAP  (D).  Magnification  5X.  II.  Histolgical  evaluation  of  Matrigel  plugs.  Serial  sections 
were  prepared  from  Matrigel  plugs,  and  processed  with  Mallory's  stain.  A.  Untreated  SB-2  cells 
B.  SB-2  cells  pretreated  with  TRAP  C.  Untreated  Cl  13  cells  D.  Cl  13  cells  pretreated  with 
TRAP.  Magnification  X  20. 

III.  Quantification  of  capillary  vessels  in  Matrigel  plugs.  Six  separate  fields  of  each 
Matrigel  plug  stained  with  H&E  and  Mallory's'  Stain  were  examined  under  phase 
microscopy  and  capillary  vessels  were  counted.  Data  shown  are  representative  of  at  least 
3  independent  Matrigel  plug  sets  of  experiments. 

Figure  2.  Inducible  Pari  expression  in  rat  prostatic  carcinoma  increases  tumor  mass  and 
angiogenesis.  I.  Differential  expression  of  Pari  in  the  Dunning  rat  prostate  carcinoma  cell 
variants  was  observed  by  RT-PCR  using  primers  specific  for  PARI .  Primers  for  L19  were  used 
as  a  loading  control.  II.  Inducible  Pari  expression  in  a  rat  prostatic  carcinoma  cell  line  -  AT2.1. 
AT2. 1  cells  were  transfected  with  a  plasmid  containing  the  human  Pari  coding  sequence  under 
the  control  of  a  tet-inducible  promoter.  Two  stably  transfected  clones,  AT2.1/Tet-On//zPar/ 
clones  4  and  1,  were  tested  for  the  inducibility  of  human  Pari  expression  by  the  tetracycline 
analog,  Dox  as  evaluated  by  Northern  blot  analysis.  III.  AT2 . 1  /T et-On/ hParl  clone  4  cells  and 
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control  transfected  (vector  only)  cells  were  injected  into  rats  s.c.  Animals  were  maintained  for  2 
weeks  with  regular  drinking  water  or  drinking  water  supplemented  with  Dox.  After  2  weeks,  the 
tumors  were  excised  and  examined.  Tumors  shown  were  from  animals  injected  with:  A.  control 
transfected  cells;  B.  AT2 . 1  /T Qt-On!  hParl ,  clone  4;  C.  AT2.1/Tet-On//zPari  clone  4,  fed  with 
Dox  for  2  weeks.  VI.  Tumor  weight.  Data  shown  are  the  mean  at  least  3  independent  sets  of 
experiments. 

Figure  3.  Expression  of  VEGF  isoforms  by  stable  Pari -transfected  clones.  I.  Northern 
blot  analysis  of  VEGF  expression.  Total  RNA  was  prepared  from  SB-2  cells  (A),  SB-2 
cells  transfected  with  an  empty  expression  vector  (B),  and  two  clones  stably  expressing 
PARI :  Cl  13  (C)  and  MixL(D).  The  Northern  blot  was  hybridized  with  a  probe  specific  for 
VEGF i65.  The  bottom  panel  shows  hybridization  to  the  housekeeping  gene  L32,  as  a 
control  for  RNA  loading.  II.  Kinetics  of  VEGF165  mRNA  induction  following  activation 
of  PARI.  Cl  13  or  SB-2  cells  were  treated  with  Thrombin  (lu/ml)  or  TRAP  (lOOpM)  for  the 
indicated  times  and  RNA  levels  were  analyzed  by  Northern  blot.  III.  Dose  response  of 
VEGF165  mRNA  induction  by  TRAP.  Cl  13  cells  were  treated  with  the  indicated  doses  of 
TRAP  for  8  hours.  RNA  was  analyzed  by  Northern  blot.  IV.  RT-PCR  for  the  detection  of 
VEGF  splice  forms  in  Pari  transfected  cells.  RT-PCR  was  performed  using  primers 
directed  to  exons  1  and  8  to  detect  all  splice  forms.  Four  different  splice  forms  are  detected 
in  C113  cells:  VEGFm,  VEGF145,  VEGF165,  and  VEGF ^ §9.  None,  or  very  little,  is  seen  in 
non-  transfected  (SB-2)  cells,  cells  transfected  with  empty  vector  (SB-2  Vector)  and  non¬ 
metastatic  cells  (MCF7).  The  pattern  of  expression  of  Pari  splice  forms  in  TRAP-  or 
thrombin-activated  Cl  13  cells  is  similar  to  that  in  highly  metastatic  cells  (MDA435). 

Figure  4.  PARI  activity  induces  functional  VEGF.  I.  Conditioned  medium  from  C113  cells 
increases  the  complexity  of  cell  tube  formation.  Cultures  of  endothelial  cells  in  a  three- 
dimensional  collagen  type  I  matrix  were  grown  with  conditioned  media  from:  A)  Non  metastatic 
MCF7  cells  transfected  with  an  empty  vector;  B)  Non  metastatic  MCF7  cells  /empty  vector  cells 
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treated  with  thrombin;  C)  control,  non  metastatic  MCF7  cells;  D)  Pari  transfected  MCF7  cells; 

E)  Pari  transfected  MCF7  cells  treated  with  thrombin;  or  F)  highly  metastatic  MDA435  cells.  II. 

Conditioned  media  from  Pari  transfected  cells  induce  the  proliferation  of  BAEC.  BAEC 
cells  were  cultured  in  the  presence  of  conditioned  medium  from  the  indicated  cells.  Cultures 
were  refed  with  fresh  conditioned  medium  every  two  days.  At  each  indicated  time  point,  cells 
were  removed  from  plates  with  trypsin/EDTA  and  counted.  The  data  exhibit  a  typical 
experiment  representing  triplicates.  III.  Anti-VEGF  antibodies  inhibit  the  effects  of 
activated  PARI  cell  conditioned  medium  on  BAEC  proliferation.  BAECs  were  cultured  in 
the  presence  of  conditioned  medium  from  activated  Cl  13  cells  (TRAP,  8  hours)  Anti-VEGF 
antibodies  were  added  to  cultures  at  varying  concentrations  as  indicated  and  were  present  for  the 
entire  period  of  the  assay.  The  effects  of  conditioned  medium  from  control  SB-2  cells  and  the 
highly  metastatic  MDA435  line  are  shown  for  comparison. 

Figure  5.  Induction  of  VEGF  by  PARI  is  mediated  by  PKC,  PI3K  and  Src. 

I.  Dose  response  of  VEGF  mRNA  induction  by  PMA.  Various  concentrations  of  PMA  were 
added  to  cultures  of  Cl  13  cells  and  VEGF  mRNA  levels  were  determined  by  Northern  blot.  RNA 
from  non-transfected,  non-metastatic  cells  was  included  as  a  control  (lane  A).  II.  Calphostin  C 
inhibits  PARl-induced  increases  in  VEGF  mRNA.  Calphostin  C  was  added  to  Cl  13  cultures  at 
the  indicated  concentrations  30  minutes  prior  to  addition  of  TRAP.  Cells  were  harvested  after  8 
hours  of  TRAP/  calphostin  treatment  and  VEGF  mRNA  levels  were  determined  by  Northen  blot. 
III.  Wortmannin ,  a  PI3K  inhibitor,  blocks  PARl-induced  increases  in  VEGF  mRNA . 
Inhbition  by  Wortmannin  is  observed  at  lpM  (F)  and  up  to  10  pM  (G)  but  not  at  0.1  pM  (E).  IV. 
PP-2,  an  inhibitor  of  Src,  blocks  PARl-induced  increases  inVEGF  mRNA.  Inhbition  of 
VEGF  is  observed  at  10  pM  (B),  1  pM  (C)  as  compared  to  Pari  transfected  cells  (A)  and 
parental  non  transfected  cells  (G). 

Figure  6.  Expression  of  VEGF  mRNA  splice  forms  in  ras-,  src  -and  vav-transformed 
NIH3T3  cells.  I.  Northern  blot  analysis  of  transformed  NIH  3T3.  NIH  3T3  cells  were 
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transfected  with  activated  ras  or  src  oncogenes,  wild  type  (w.t.)  v<av  proto-oncogene,  oncogenic 
vav  or  an  SH2  mutant  of  vav.  Total  RNA  was  isolated  and  15pg  were  analyzed  by  Northern 
blotting  using  a  probe  for  VEGF165.  II.  Quantitation  of  changes  in  VEGF  mRNA  levels  in 
transformed  cells.  Photoimage  was  used  to  quantitate  VEGF165  mRNA  levels  from  Northern 
blots.  VEGF165  mRNA  levels  were  normalized  to  p-actin  mRNA  levels  to  control  for  loading 
differences.  Data  shown  are  representative  of  3  independent  experiments.  III.  RT-PCR 
analysis  of  VEGF  splice  forms.  A  representative  RT-PCR  experiment  shows  elevated  levels  of 
VEGF121,  VEGF145,  VEGF165  and  VEGF] 89  splice  forms  in  src-transformed  NIH3T3  cells. 
Pari  transfected/activated  cells  (C113/TRAP/8h)  and  non-transfected  SB-2  cells  are  included  as 
positive  and  negative  controls. 
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